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PREFACE 
This r epor t  p re sen t s  the  r e s u l t s  of s t u d i e s  conducted during 
the  per iod June 20, 1968 - Ju ly  19, 1969, under NASA research contract  
NAS 8-21432, "Lunar Surface Engineering P rope r t i e s  Experiment Defini- 
t ion."  This study w a s  sponsored by the Advanced Lunar Missions 
Di rec to ra t e ,  NASA Headquarters, and was under the  technical  cogni- 
zance of D r .  N .  C. Costes, Space Science Laboratory, George C. Marshall 
Space F l i g h t  Center. 
The r epor t  r e f l e c t s  the combined e f f o r t  of four f acu l ty  inves t i -  
g a t o r s ,  a research engineer,  a p r o j e c t  manager, and s i x  graduate 
research a s s i s t a n t s ,  represent ing s e v e r a l  engineering and s c i e n t i f i c  
d i s c i p l i n e s  p e r t i n e n t  t o  the study of lunar  su r face  material p rope r t i e s .  
James K. Mitchel l ,  Professor of C i v i l  Engineering, served as P r inc ipa l  
Inves t iga to r  and was responsible f o r  those phases of the  work con- 
cerned with problems r e l a t i n g  t o  the  engineering p rope r t i e s  of lunar  
s o i l s  and lunar  s o i l  mechanics. 
Houston, Ass i s t an t  Professor of C iv i l  Engineering, who w a s  concerned 
with problems r e l a t i n g  t o  the  engineering p rope r t i e s  of l una r  s o i l s ;  
Richard E. Goodman, Associate Professor  of Geological Engineering, 
who was concerned wi th  the  engineering geology and rock mechanics 
Co-investigators were W i l l i a m  N. 
aspects  of the luna r  surface;  and Paul A. Witherspoon, Professor  of 
Geological Engineering, who conducted s t u d i e s  r e l a t e d  t o  thermal 
and permeabili ty measurements on the  lunar  surface.  D r .  Karel Drozd, 
Ass i s t an t  Research Engineer, performed laboratory tests and analyses 
p e r t i n e n t  t o  the  development of a borehole probe f o r  determination 
of the  i n - s i t u  c h a r a c t e r i s t i c s  of lunar  s o i l s  and rocks. John 
Hovland, David Katz, Lai th  I. Namiq, James B. Thompson, Tran K. Van, 
and Ted S. Vinson served as Graduate Research Assis tants  and c a r r i e d  
out  many of the  s t u d i e s  leading t o  the r e s u l t s  presented i n  t h i s  
r epor t .  Francois Heuz6, Ass i s t an t  S p e c i a l i s t ,  served as p r o j e c t  
manager and contr ibuted t o  s t u d i e s  concerned with lunar  rock mechanics, 
i v  
U l t i m a t e  ob jec t ives  of t h i s  p r o j e c t  are:: 
Assessment of lunar  s o i l  and rock property da ta  using 
information obtained from Lunar Orb i t e r  and Surveyor 
m i s  s ions.  
Recommendation of both simple and soph i s t i ca t ed  i n - s i t u  
t e s t i n g  techniques t h a t  would allow determination of 
engineer ing p rope r t i e s  of lunar su r face  materials, 
Determination of the  inf luence  of v a r i a t i o n s  i n  luna r  
su r face  condi t ions on t h e  performance parameters of a 
lunar  roving vehic le .  
Development of simple means f o r  determining the  f l u i d  
and thermal conduct ivi ty  proper t ies  of l una r  su r face  
materials e 
Development of s t a b i l i z a t i o n  techniques f o r  use i n  loose,  
unconsolidated lunar  s u r f a c e  mater ia l s  t o  improve the  
performance of such materials i n  lunar  engineering 
appl ica t ion .  
The scope of s p e c i f i c  s t u d i e s  conducted i n  s a t i s f a c t i o n  of these 
objec t ives  i s  ind ica t ed  by the following l is t  of contents from the 
Detai led F ina l  Report which is  presented i n  fou r  volumes. 
of the  inves t iga to r s  assoc ia ted  wi th  each phase of the work are 
indica ted  
The names 
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CHAPTER 1 
THE MECHANISM OF FAILURE OF A BOREHOLE 
IN SOILS OR ROCKS BY JACK PLATE LOADING 
(T, K. Van and R. E. Goodman) 
I. INTRODUCTION 
A number of instruments are available for the investigation of the 
in-situ conditions of rock masses and soil masses by introducing loads 
against the wall of a borehole. 
mechanical properties of soil masses, the deformability of rock masses, 
the anchorage capacity for rock bolts, the magnitude and direction of the 
in-situ stress field, and the variation of strength and deformability. 
The mentioned properties are obtained from the interpretation of the load- 
deformation relationships. 
These devices are used to investigate the 
One group of devices, the borehole penetrometers, apply concentrated 
forces over small areas on the wall of the borehole in a rock mass. It has 
been found that the relationships between applied force and indenter pene- 
tration are too scattered to give a meaningful interpretation on deformability 
and strength. The results from such investigations have been used to estimate 
the anchorage capacity for rock bolts; the interpretation is purely empirical 
(Stears, 1965). 
The second group of devices, the borehole dilatometers or pressuremeters, 
apply an all-around pressure, over a given length, against the wall of a 
borehole. 
parameters (Menard, 1957, 1966). In rocks they are used to determine the 
deformability of rock masses, and the magnitude and direction of the in situ 
These instruments have been used in soils to determine the strength 
stress f i e l d  (Kujundzic, 1965, 1966 and Hubbert W i l l i s ,  1957). E m p i r i c a l ,  
semi-empirical, and a n a l y t i c a l  r e l a t i o n s  based on s impl i f ied  assumptions 
are a v a i l a b l e  (Gibson and Anderson, 1961; Kujundzic, 1965; Menard, 1966; 
Ladanyi, 1963). 
The t h i r d  group, t h e  borehole jacks,  apply forces  over two opposed 
sec t ions  of the borehole.  These instruments have been used t o  study t h e  
deformabil i ty  of rock masses and the  in-s i tu  stress f i e l d ,  One s p e c i a l  type,  
t he  "quandrantal jack", app l i e s  uniform normal pressure.  The so lu t ion  f o r  
t h e  "quandrantal jack" i n  an elastic medium w a s  derived and some poss ib le  
app l i ca t ions  w e r e  presented (Jaeger and Cook, 1963). The more common device,  
t h e  "borehole jack", fo rces  two r i g i d  p l a t e s  aga ins t  t he  w a l l  of t he  borehole. 
It has  been used t o  study the  deformabil i ty  of rock masses. Some simple 
so lu t ions  pe r t inen t  t o  the  i n t e r p r e t a t i o n  of t he  load-deformation r e l a t ionsh ip  
were obtained by a number of i nves t iga to r s  (Absi and Seguin, 1967; Wyanecki, 
1968; Goodman, Van and Heuz6, 1967). 
adequate f o r  t h e  i n t e r p r e t a t i o n  of the  deformation response near and a t  
However, none of these  so lu t ions  i s  
f a i l u r e ,  or of t h e  u l t imate  load. 
This research concerns mainly the  f a i l u r e  mechanisms associated with t h e  
use  of t he  "borehole jack" i n  rocks.  Assumptions are made on the  boundary 
condi t ions,  based on physical  considerat ions.  The a n a l y t i c a l  so lu t ions  t o  
t h e  boundary value problems are t o  be found. 
t he  mode of f a i l u r e  and the u l t ima te  jack load. 
ou t  i n  the  labora tory  under con t io l l ed  conditions.  
a n a l y t i c a l  and experimental r e s u l t s  are t o  be made. 
s i d e r a t i o n  on t h e  behavior of a borehole i n  s o i l  mass under j ack  loading is  
included. 
The r e s u l t s  are used t o  p red ic t  
Experimentation is c a r r i e d  
The co r re l a t ions  between 
Some t h e o r e t i c a l  con- 
11 8 MECHANISMS OF FAILURE OF A CIRCULAR BOREHOLE UNDER DIFFERENT MODES 
OF LOADING 
A. Failure of Rocks by Penetrometer Loading 
The penetrometers include one or more indenting pins, with 
hemispherical ends, which are forced against the wall of the borehole 
by oil-driven pistons. 
single indenting pin with a 3/8-inch-diameter head. 
of the pin is measured by a dial gage or an extensometer connected 
to a cable. 
of rock bolts (Stears, 1965). The Hult penetrometer utilizes an 
oil-driven piston to deform a proving ring, forcing an 1/8-inch- 
square indenter into the wall of the borehole. The deformations 
are measured by strain gages built on the proving ring. 
ment was designed mainly as an active stiff gage for in situ stress 
measusement (Hult, 1963). The Dryselins penetrometer uses oil 
pressure to drive three pistons at 60" apart, forcing three cylindri- 
cal indenting pins into the wall. Pin displacements are measured 
by strain gages set on cantilever elements. 
designed as an active stiEf gage (Dryselius, 1965). 
The Bureau of Mines penetrometer has a 
The movement 
The device was used to estimate the anchorage capacity 
The instru- 
The instrument was 
In general, pin movement or penetration is linearly proportional 
to applied load at low load levels. 
the contact stress below the indenting pin's head becomes very large, 
resulting in local failure. 
more of the three modes of failure: crushing, punching, and lateral 
chipping. A s  expected, the failure load varies greatly due to 
the anisotropy of the material and the small dimensions of the pins. 
As the applied load is increased, 
The local failure includes one or 
The s c a t t e r i n g  of experimental r e s u l t s  from the  tests made on 
rocks is  too l a r g e  f o r  e s t ab l i sh ing  a v a l i d  empir ical  r e l a t ionsh ip  
between the  s t r eng th  of t h e  material and the  test r e s u l t s .  
However, t he  range of r e s u l t s  have been found t o  be use fu l  f o r  
t he  es t imat ion  of t h e  anchorage capac i ty  of rock b o l t s  i n s t a l l e d  
i n  the  material tests (S tears ,  1965). 
B. F a i l u r e  of Boreholes i n  Rocks and S o i l s  by Dilatometer Loading 
The di la tometer  e x e r t s  a uniform r a d i a l  p ressure  a l l  around 
t h e  circumference of t he  borehole. It cons i s t s  simply of a cyl in-  
d r i c a l  ce l l ,  which is i n f l a t a b l e  by gas or  l i qu id  pressure.  The 
deformation of the  borehole is  measured e i t h e r  from changes i n  
volume o r  from changes i n  length of one o r  more diameters. 
Dilatometer loading i s  shown i n  Figure 1-1. 
The problem of a di la tometer  i n  a borehole i n  an elastic mass 
is  t h a t  of a thick-walled cyl inder  under i n t e r n a l  pressure,  when 
the  outer  r ad ius  approaches i n f i n i t y .  
i n  an i s o t r o p i c ,  homogeneous, and l i n e a r l y  e l a s t i c  medium, both 
the  r a d i a l  stress and the  c i rcumferent ia l  stress a t  every po in t  
Because of load symmetry, 
are the  p r i n c i p a l  components. The so lu t ion  ifor t he  stress d i s t r i -  
but ion t o  t h i s  problem w a s  f i r s t  solved by Lam& (Seeley and Smith, 
1959). 
f i e l d  is  zero,  the  c i rcumferent ia l  stress ae is minimum along 
the  edge of t he  opening, and the  r a t i o  - o f  t he  borehole r ad ius  
t o  the  r a d i a l  d i s t ance  from the center  of the borehole is  equal  
t o  1. The minimum Cre i s  equal t o  the  applied i n t e r n a l  pressure 
For an  i n i t i a l l y  non-stressed medium the  i n  s i t u  stress 
R 
r 
w 
CY 
=> a 
LI 
H 
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I 
i n  magnitude, bu t  has  an  opposi te  sign: 
where p = dilatometer  pressure.  
Tensional f r a c t u r i n g  is i n i t i a t e d  when the  t e n s i l e  s t r eng th  Ts 
of t h e  medium i s  reached, cJe =T : 
S 
The c i rcumferent ia l  stress o8 induced along t h e  edge of a c i r c u l a r  
opening by an in - s i tu  b i a x i a l  stress f i e l d  (Figure 1-2) is  given by: 
1 = p, + p2 -2 (pl - p2) COS 20, (1 -3 1 
where p, ,  p, = p r i n c i p a l  components of t he  b i a x i a l  stress f i e l d ,  
8, = angle  measured from P1-direction 
When t h e  di la tometer  loading p is introduced, t he  ne t  c i rcumferent ia l  
stress 0 which is  t h e  minor p r inc ipa l  stress f o r  p, i s  given by: e 
= -P + P, + P, -2 (P, - p,) cos 28, (1-4) 
The minor p r inc ipa l  stress ae i s  minimum a t  e ,  " 0 ;  
Tens i le  f r a c t u r i n g  is i n i t i a t e d  a t  (8, = 0 and IT, p = 1) when 
T is reached, as confirmed by Hubbert and W i l l i s  i n  the  study of 
hydraul ic  f r ac tu r ing  (Hubbert and W i l l i s ,  1957). The di la tometer  
pressure a t  the  f r a c t u r e  i n i t i a t i o n  is  given by: 
8 
' i n i t  = -(Ts + p l j  3P2 (1-6) 
1-7 
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FIGURE 1-2 A BOREHOLE UNDER DILATOMETER, I N  A MEDIUM I N I T I A L L Y  
UNDER A B I A X I A L  I N  S I T U  STRESS F I E L D  
-8 
When t h e  i n  s i t u  stress f i e l d  is  i s o t r o p i c ,  p, - p 2 >  t e n s i l e  
f r a c t u r i n g  i s  i n i t i a t e d  a t  every po in t  along t h e  edge of t h e  opening 
a t  t h e  same t i m e :  
-T + 2p, ' init  S (1- 7) 
Under di la tometer  loading t h e r e  is  a p o s s i b i l i t y  t h a t  shear  
f a i l u r e  could occur before  the  t e n s i l e  f r a c t u r i n g  could be i n i t i a t e d .  
I f  t h i s  is  t h e  case, then as t h e  appl ied pressure is f u r t h e r  increased, 
t he  f r a c t u r e  l i n e s  are formed, which should be logarithmic s p i r a l s ,  
making a constant angle  6 t o  the  r a d i a l  d i r e c t i o n  a t  every po in t .  The 
appropr i a t e  value f o r  6 would be 45" + Cp 
angle (Bray, 1967). 
extend depends on t h e  f a i l u r e  cri teria f o r  t he  i n t a c t  and f r a c t u r e d  
,where $I i s  t h e  f r i c t i o n  
4 2  S 
The radius  Rf t o  which the  f r a c t u r e  s p i r a l s  
materials, t h e  radius  of t h e  borehole, and the  di la tometer  pressure 
(Figure 1-3). 
Ladanyi (1967) solved the  problem of the  s t a t i c  expansion of a 
c y l i n d r i c a l  cavi ty  i n  an i n f i n i t e  medium. I n  h i s  treatment, Ladanyi 
assumed the  medium t o  b e  l i n e a r l y  elastic before  f a i l u r e ,  and t o  obey 
the  F a i r h u r s t  f a i l u r e  c r i t e r i o n .  This c r i t e r i o n  is more f l e x i b l e  and 
f i t s  t h e  a c t u a l  s t r eng th  behavior of rocks b e t t e r  than the  G r i f f i t h  
c r i t e r i o n  o r  i t s  modified form suggested by McLintock and Walsh 
(Fa i rhu r s t ,  1964). Af t e r  f a i l u r e ,  t h e  crushed material is  assumed t o  
behave according t o  the  Yzhr-Coulomb f a i l u r e  c r i t e r i o n .  For low abso lu te  
values of t h e  r a t i o  n of t h e  in - s i tu  i s o t r o p i c  stress f i e l d  t o  t h e  
< 4.82), a t  f a i l u r e ,  t h r e e  t e n s i l e  s t r e n g t h  of t h e  medium - - (n = - -  T 
zones exis t  simultaneously: crushed; r a d i a l l y  cracked; and elastic 
PI 
T -  
S S 
zones, as shown i n  Figure 1-4.  The material i n  the  r a d i a l l y  cracked 
1-9 
ELASTIC ZONE 
FRACTURED 
ZONE 
FIGURE 1-3 LOGARITHMIC S P I R A L  FRACTURE ZONE AROUND CIRCULAR 
HOLE UNDER DILATOMETER LOADING (AFTER BRAY, 1967) 
RADIALLY CRACKED 
ZONE 
FIGURE 1-4 ROCK FAILURE AROUND A CYLINDRICAL 
CAVITY (AFTER LADANY I, 1 9 6 7 )  
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zone cannot carry any tension in the circumferential direction, At 
large in situ stresses (n 2 4,82) the cracked zone does not appear. 
The ultimate pressure is controlled by the strength parameters of the 
medium in the intact and broken states, its deformability, the in situ 
stress field, and the density change due to the change of state 
(Ladanyi, 1970). 
The problems of dilatometer loading and plate jack loading in 
soils are different from those in rocks, mainly due to the plastic 
behavior of soils and their inability to carry considerable tension. 
The interpretation of load-deformation results for dilatometer loading 
in soils can be based on a number of available solutions. In the 
study on punching of metals the problem of an expanding cylindrical 
cavity in a frictionless medium was solved (Bishop, Hill and Mott, 1945). 
The problem of an expanding cylindrical cavity in a frictionless- 
medium was solved by some investigators who have also studied the 
problem of dilatometer loading in clays (Menard, 1957; Kerisel, 1968; 
Gibson and Anderson, 1961). 
The assumptions made by Menard were based on actual deformation- 
pressure curves for dilatometer loading in clays. Within the initial 
low pressure range, elasticity applies. In the intermediate pressure 
range, a plastic zone develops around the opening. 
this zone is also assumed to be incompressible. Outside this zone, elastic 
The material in 
equilibrium continues to exist, The borehole deformation, in terms of 
radial change, increases exponentially with pressure in this pressure 
range. 
without any increase in the applied pressure, the deformation-pressure 
curve has a vertical asymptote p = 
There is a stage of loading where deformation increases greatly 
(Figure 1-5, Menard, 1957). pu1 t 
1-1 1 
PHASE OF LARGE 
DEFORMATIONS 
ELASTIC 
PHASE 
+ PRESSURE p 
FIGURE 1-5 DEFORMATION-PRESSURE RELATIONSHIP FOR. DILATOMETERS 
IN SOILS (AFTER MENARD, 1957) 
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To d e a l  with t h e  problem of t h e  expansion of a cav i ty  i n  a 
s a t u r a t e d  c l a y  under undrained condi t ions,  the problem w a s  t r e a t e d  
semi-empirically (Ladanyi, 1963). The s o l u t i o n  w a s  based on stress- 
s t r a i n  curves and strain-volume change r e l a t i o n s h i p s  obtained by 
conventional t r i a x i a l  tests. 
s tep" numerical i n t e g r a t i o n  method.. 
The problem w a s  solved by the  "step-by- 
In t h e  ana lys i s  of the  c r a t e r i n g  caused by a concentrated l i n e  
charge of explosive,  t he  s o l u t i o n  t o  t h e  problem of an expanding 
c y l i n d r i c a l  cavi ty  wi th  a very small i n i t i a l  r ad ius ,  i n  a s o i l  pos- 
sessing both f r i c t i o n  and cohesion, was obtained ( V e s i E  and Barksdale, 
1963). A t  an i n t e r n a l  pressure p , p l a s t i c  deformation takes  p l ace  u l t  
around t h e  cav i ty  u n t i l  i t  becomes l a r g e  enough t o  maintain equilibrium. 
I n  t h e  p l a s t i c  zone around the  cav i ty ,  t h e  material w a s  assumed t o  b e  
r i g id -p la s t i c .  The s o l u t i o n  f o r  t he  ul t imate  c a v i t y  pressure p was 
derived. For the  s p e c i a l  cases of f r i c t i o n l e s s  and cohesionless media, 
t h e  general  s o l u t i o n  reduced t o  those obtained by earlier i n v e s t i g a t o r s  
u l t  
f o r  t hese  cases. 
C. F a i l u r e  of a C i rcu la r  Borehole i n  Rocks by Quadrantal  Jack Loading 
Jaeger and Cook made an attempt t o  adapt the f l a t  j ack  techniques 
of stress measuring f o r  use i n  a borehole, by means of t h i n ,  elongated 
f l a t  j acks  ben t  i n t o  an  arc of a circle, t o  f i t  t he  borehole. The 
curved j a c k  app l i e s  a uniform normal pressure aga ins t  t h e  w a l l  of t h e  
borehole. Two curved j acks  are symmetrically placed, each subtending 
an angle  26 equal t o  - , and t h e  system w a s  c a l l e d  the  quadrantal  j ack .  
This name is  adopted t o  a l l  j a c k  systems which apply uniform normal 
pressure over two symmetrical opposed sec t ions  of t h e  borehole. For 
Tr 
2 
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small angles  e ' s ,  a simpler system of loading is  used i n  which the  
condi t ion of uniform normal boundary pressure is  approximate (Figure 
1-6b, Jaeger and Cook, 1963). 
The e l a s t i c i t y  problem pe r t inen t  t o  t h i s  system has t h e  boundary 
stress condi t ion  shown i n  Figure 1-6c. This plane s t r a i n  problem 
w a s  f i r s t  solved by Jaeger  and Cook, using complex v a r i a b l e  methods. 
The s t e p s  w e r e  presented i n  another work on t h e  use of borehole devices 
t o  measure t h e  in - s i tu  deformabil i ty  of rock masses (Goodman, Van and 
Heuz6, 1967). This method i s  very powerful f o r  t h e  s o l u t i o n  of 
boundary-value problems i n  e l a s t i c i t y  wi th  c i r c u l a r  boundaries, o r  
with boundaries which can be transformed i n t o  c i rc les  by conformal 
mapping. The method is  presented b r i e f l y  i n  Appendix A. 
The stress d i s t r i b u t i o n  within t h e  i n f i n i t e  mass, r e s u l t i n g  from 
the  boundary loading shown i n  Figure 1-6c was obtained by the  complex 
v a r i a b l e  method (Goodman, Van, Heuzg, 1967) : 
M 
where P = the  t o t a l  appl ied load aga ins t  t h e  w a l l  of t h e  borehole i n  
the  x-direction; R = r ad ius  of t he  opening; p = -* and r = r a d i a l  dis tance.  r' 
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Along t h e  edge of t h e  borehole p = 1, t h e  c i r cumfe ren t i a l  stress 
o is  reduced to :  0 
m 
1 
P m 2'rr sin = -26 + 2 - s i n  2mB cos 2m8 % 
m= 1 
Along t h e  arcs AB and A ' B '  ( t he  loaded a reas )  o8 i s  constant: 
(1-10) 
Along t h e  arcs AB' and A ' B  (unloaded a reas )  O8 is a l s o  constant :  
* P  
4B 
'rr R s i n  B TT 
= - -  2B p a0 = - (1 -11) 
It should be noted t h a t  along t h e  edge of t he  opening, due t o  the  
absence of t h e  shear stress component, 0 is  a p r i n c i p a l  stress component. 8 
Tens i l e  f r a c t u r i n g  i s  i n i t i a t e d  when the  minor p r i n c i p a l  stress 
a t  one o r  more po in t s  i s  equal t o  t h e  t e n s i l e  s t r eng th  T of t h e  medium. 
When t h e  medium i s  i n i t i a l l y  non-stressed - zero i n  s i t u  stress f i e l d  - 
t e n s i l e  f r a c t u r i n g  i s  i n i t i a t e d  a t  a l l  po in t s  along t h e  arcs AB' and A ' B  
(Figure I-&) when: 
S 
(1 -12b) 
T T  
S = - -  
P u l t  48 (1-12c) 
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An i s o t r o p i c  i n  s i t u  stress f i e l d  of magnitude p ,  induces a 
c i r cumfe ren t i a l  stress component along t h e  edge of a c i r c u l a r  opening, 
p = 1, equal  t o  2p1. 
t h e  n e t  c i r cumfe ren t i a l  stress f o r  p = 1 is  a p r i n c i p a l  stress: 
When t h e  quadrantal  j ack  loading i s  introduced, 
Along t h e  arcs AB and A'B' (loaded areas): 
Along the  arcs AB' and BA' (unloaded a reas ) :  
1~ R s i n  B aO= - 
(1-13a) 
(1-13b) 
A s  t h e  quadrantal  j ack  pressure increases ,  t e n s i l e  f r a c t u r i n g  is  
i n i t i a t e d  a t  a l l  t h e  po in t s  i n  the  arc AB' and BA' when T i s  reached: 
S 
2P, - T 
?T R s i n  - ' i n i t  - 28 (1 - 14a) 
2Pl - T 
S T  (1-14b) - 
' i n i t  - 4B 
A b i a x i a l  i n  s i t u  stress f i e l d  with p r i n c i p a l  stress components 
p, > p, induces a v a r i a b l e  c i rcumferent ia l  stress along the  edge of 
a c i r c u l a r  opening, given by the  following expression: 
= P, + P2 - 2(P, - P2) cos 20, (1-15) '9 1 
The x -axis, p a r a l l e l  t o  t he  d i r e c t i o n  of p , ,  makes an ang le  a 
1 
0 with t h e  x-axis of t he  quadrantal  j a c k  (Figures 1 - 7 ) .  The n e t  0 
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r e s u l t i n g  from both t h e  i n  s i t u  b i a x i a l  stress f i e l d  and t h e  quad- 
r a n t a l  loading is  a p r i n c i p a l  stress and v a r i e s  along the  edge of 
t he  openings : 
Along the  arcs AB and A ' B ' :  
Along the  arcs AB' and A'B: 
(1-17) 
A s  t h e  quadrantal  pressure is increased, t e n s i l e  f r a c t u r i n g  
i s  i n i t i a t e d  when T is  reached. Depending on t h e  o r i e n t a t i o n  of 
t he  j a c k  re la t ive t o  the  o r i e n t a t i o n  of t h e  b i a x i a l  stress f i e l d ,  
t he re  are two d i s t i n c t  cases. 
S 
When t h e  point  E ( e  = a! i s  on t h e  a r c  AB' (Figure 1-7a) t h e  
minor p r i n c i p a l  stress CT i s  minimum a t  E ( 6  = a) and E ' ( 9  = a + T ) .  
Tensi le  f r a c t u r i n g  w i l l  b e  i n i t i a t e d  f i r s t  a t  t hese  two po in t s ,  E and 
E '  : 
e 
3P2 - P, - Ts 
e I T  - 
P i n i t  48 
(1-18a) 
(1 -18b 1 
When t h e  po in t  1 E(8 = a) i s  i n  t h e  arc AB (Figure 1-7b), t h e  
ci rcumferent ia l  stress CT along the  arc AB' is minimum a t  A ( 6  = B ) :  0 
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F I G U R E  1-7a QUADRANTAL J A C K  LOADING IN A MEDIUM S U B J E C T E D  T O  
AN IN S I T U  B I A X I A L  S T R E S S  F I E L D ;  THE CASE OF y3 
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F I G U R E  1-7b QUADRAijTAL J A C K  LOADING IN A MEDIUM S U B J E C T E D  T O  
AN IN SITU B I A X I A L  S T R E S S  F I E L D ;  THE CASE O F  < B  
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t h e  load needed t o  induce a t e n s i l e  stress T a t  A: C a l l  PinitA S 
(1 - 20a) 
S I IT R2?n = [ P, + P, - U P ,  - p,) COS 2(@ - a) - T 'initA 
- p,) COS 2(B - a )  - Ts (1-20b) 'initA = ( P, + P, - 2(P, 
I n  t h e  arc AB, (-B<WB), o8 i s  minimum a t  the  po in t  E(8 = a): 
(IT - 4 8 )  
-pl + 3p2 'OE =  IT R s i n  (1 -21) 
the  load needed t o  induce a stress oeE equal t o  T : Call PinitE S 
2 7 ~  R s i n  @ 
' initE = (3P, - P,  - Ts) 48 - 
IT - ' initE - (3P, - P, - Ts) 46 - IT 
(l-22a) 
0 -2%) 
When t h e  quadrant j a c k  i s  o r i en ted  such t h a t  0 < a < B (Figure 
1-7b), t e n s i l e  f r a c t u r i n g  is i n i t i a t e d  f i r s t  e i t h e r  a t  A and A' 
(8 = B and B f IT) o r  a t  E and E'  (8 = a and a f IT). When PinitE < 
t h e  f r a c t u r e  i n i t i a t i o n  takes  p l ace  a t  E and E '  with the  j a c k  
i n i t i a t i o n  takes  p l ace  a t  
'initA' 
load 'ini t  - ' initE" 
A and A' (0 = B and B + IT) under t h e  j a c k  load Pinit 
should b e  noted t h a t  PinitE can be negative.  
always compressional when quadrantal  j a c k  loading is  applied.  
- 
When 'initA < ' initE' 
It 
I n  t h i s  case, OeE is  
- - 'initA' 
Fracture  
i n i t i a t i o n  takes  place a t  A and A' when P is negative. i n i t E  
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When the  angle  (3 approaches ~ / 2 ~  the  quadrantal  j a c k  loading 
approaches t h e  di la tometer  loading. Accordingly,to o b t a i n  the  
u l t ima te  quadrantal  p re s su re  f o r  t h e  i n i t i a t i o n  of t e n s i l e  f r a c t u r i n g  
when 13 * ~ / 2 ,  t he  angle  (3 i s  replaced by ~ / 2  i n Equations (1-12c), 
and (1-14b), and (1-18b), giving t h e  following so lu t ions :  
m 
f o r  zero i n - s i t u  stress f i e l d .  
f o r  i s o t r o p i c  in - s i tu  stress f i e l d .  
3P, - PI - T S 
i= 
2 l i m g  + P i n i t  2 
(1-23b) 
(1 -23~)  
f o r  b i a x i a l  i n - s i tu  stress f i e l d .  
Comparing these r e s u l t s  with t h e  corresponding di la tometer  u l t ima te  
pressure,  Equations (1-21, (1-61, (1-71, i t  can be concluded t h a t  i f  
po in t s  of "no-load" (zero contact  pressure)  are introduced along the  
edge of a c i r c u l a r  opening under di la tometer  loading, t h e  crack 
i n i t i a t i o n  pressure i s  reduced by one h a l f .  The f r a c t u r i n g  i n i t i a t i o n  
takes p l a c e  a t  the  i s o l a t e d  no-load po in t s  i n s t ead  of a t  every po in t  
along the  edge of t h e  opening, when t h e  medium i s  i n i t i a l l y  non-stressed 
o r  under an  i s o t r o p i c  i n  s i t u  stress f i e l d  (Figure 1-8). 
When t h e  angle  B is very small, a l a r g e  quandrantal j a c k  pressure 
is  needed t o  i n i t i a t e  t e n s i l e  f r ac tu r ing .  There i s  a p o s s i b i l i t y  
t h a t  t h e  stress d i s t r i b u t i o n  i n  t h e  material along t h e  con tac t  su r f ace  
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F I G U R E  1-8 THE REDUCTION OF p U l t  FOR DILATOMETER WHEN 
"NO-LOAD" P O I N T S  ARE INTRODUCED 
"*\ >* -'& 
'STEEL PLATE 
F I G U R E  1-10 THE ACTUAL MODE O F  BOREHOLE JACK LOADING 
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s a t i s f i e s  f i r s t  a non-tensile f a i l u r e  c r i t e r i o n  having the  form 
T 
1967). This condi t ion w i l l  not  be s tudied.  However, t h e  approach 
t o  t h i s  problem, and the  method f o r  t h e  study of t h e  e f f e c t s  of 
= N 3- Dooc: N, D ,  and B are material p rope r t i e s  (Goodman, act 
anisotropy of material p rope r t i e s ,  nonl inear i ty ,  and three-dimensional 
na ture  of t h e  a c t u a l  problem on the  r e s u l t s  w i l l  be mentioned later. 
D. Fa i lu re  of a Ci rcu lar  Borehole i n  S o i l s  and Rocks by Borehole Jack 
Lo ad i n  g 
This problem is complicated due t o  t h e  l ack  o f  understanding of 
t h e  t r u e  boundary condi t ion.  The na ture  and d i s t r i b u t i o n  of t he  
contac t  stress between t h e  r i g i d  bear ing p l a t e s  and the  w a l l  of t h e  
borehole are not  known co r rec t ly .  Therefore,  assumptions musQ be 
made on the  boundary condi t ions,  based on c e r t a i n  physical  considerat ions 
and known behavior of t h e  materials. 
presented i n  t h e  following th ree  sec t ions  (111, I V ,  and V). 
Studies  on t h i s  problem are 
111. GENERAL CONSIDERATION ON THE PROBLEM CIRCULAR BOREHOLE I N  A ROCK MASS 
UNDER BOREHOLE JACK LOADING 
A. In t roduct ion  
There are a number of borehole devices,  developed independently, 
which are very similar i n  design and i n  concept of operat ion.  These 
devices are designated he re  as borehole jacks ;  a review i s  ava i l ab le  
(Goodman, Van, and Heuz;, 1967). The apparatus* designed by Goodman 
a t  the  Universi ty  of Cal i forn ia ,  Berkeley, is  described below t o  
demonstrate t h e  design and operat ion of a borehole jack .  
*NASA Contract NAS 05-003-189. 
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The Goodman j ack  i s  a hydraul ic  j a c k  with two curved bear ing 
p l a t e s ,  designed f o r  opera t ion  in s ide  a standard NX-size borehole. 
The j ack  is  operated by twelve,hydraulic,  race- t rack shaped p i s tons ,  
which f o r c e  the  two curved steel bearing plates  aga ins t  the  w a l l  
of t he  borehole,  The device is designed t o  opera te  a t  a maximum 
l i n e  pressure  of 10,000 p s i  which produces a fo rce  of 158,000 l b s  
aga ins t  t he  8"-long p l a t e s .  
by means of two reversed p i s tons  t o  provide 1/4" clearance.  
de t a i l ed  s t r u c t u r e  of t h e  instrument is shown i n  Figures  1-9. Under 
pressure,  t h e  borehole deforms. The d iamet r ica l  deformation a t  the  
center  of t h e  p l a t e s  i s  measured accura te ly  by two self-contained 
LVDT c e l l s ,  which are read on ca l ib ra t ed  servo-indicators.  
a c t u a l  mod'e of load appl ica t ion  i s  shown i n  Figure 1-10. 
applied load increases ,  f a i l u r e  w i l l  eventual ly  take place.  
After  t h e  test, t h e  j ack  i s  col lapsed 
The 
The 
A s  t h e  
To determine t h e  stress d i s t r i b u t i o n  by a n a l y t i c a l  means, some 
i d e a l i z a t i o n  has to  be made and t h e  d i s t r i b u t i o n  of contact  pressure  
across  the  width and along the  length of the bear ing p l a t e s  must be 
known. The problem i s  three-dimensional. The contac t  stress 
d i s t r i b u t i o n  is  a f f ec t ed  by the  mechanical proper t ies  of the  medium, 
the  degree of anisotropy,  the  evenness of the  borehole w a l l ,  t h e  
length and width of t h e  bearing p l a t e s ,  the relative r i g i d i t y  between 
the  steel p l a t e  and t h e  t e s t ed  medium, the  i n  s i t u  stress f i e l d ,  and 
the  level  of jack  load in r ,  
For j acks  with t h e  length  of t he  bearing p l a t e s  i n  the  order  
of four  times the  corresponding width, i t  is reasonable t o  assume 
t h a t  t he  length i s  i n f i n i t e .  The inc lus ion  of t he  t h i r d  dimension 
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FIGURE 1-9a NX BOREHOLE JACK (GOODMAN JACK) 
FIGURE 1-9b STRUCTURE OF THE NX BOREHOLE JACK 
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i n t o  the  de r iva t ion  of an a n a l y t i c a l  so lu t ion  p e r t i n e n t  t o  the  use of 
a borehole j a c k  is d i f f i c u l t ;  however, t he  e f f e c t s  of t he  t h i r d  dimen- 
s i o n  can be inves t iga ted  by f i n i t e  element ana lys i s  (Goodman, Van, 
and Heuzg, 1967). For engineering purposes, i t  may be reasonable t o  
assume t h a t  t h e  problem is  e s s e n t i a l l y  two-dimensional, and t h a t  t he  
contact  str.ess i s  uniform along the a x i a l  direct ion-plane s t r a i n  
condition. Other idea l ized  assumptions include homogeneity, i so t ropy ,  
and l i n e a r  e l a s t i c i t y  of t he  material. 
B. Previous Solut ions 
Borehole jacks  have been used mainly i n  the  i n  s i t u  determination 
A number of so lu t ions  t o  simpli-  of the  deformabil i ty  of rock masses. 
f i e d  boundary stress condi t ions have been derived and used t o  i n t e r p r e t  
t h e  load-deformation re la t ionship .  (Goodman, Van, and Heuz6, 1968; 
Absid Seguin, 1967; Wianecki, 1968). 
A l l  i nves t iga to r s  assumed t h a t  t h e  problem i s  two-dimensional. 
They have recognized that i t  is unl ike ly  f o r  the  contac t  stress t o  be 
uniform ac ross  the  width of the bearing p l a t e s  and have been aware of 
t he  ex is tence  of the  shear  component along the  contac t  sur face  between 
the  p l a t e  and the  w a l l  of the  borehole. However, i n  t h e i r  treatments,  
they have a r b i t r a r i l y  assumed tha t  no such shear component e x i s t s .  This 
omission has small e f f e c t  on the deformabil i ty  i n t e r p r e t a t i o n ,  bu t  the  
e f f e c t  could be la rge  as regards the  s t r eng th  determination. 
contact  stress i s  omitted,  t he  contact  pressure i s  normal t o  the  
contact  su r f ace  and acts along a r a d i a l  d i rec t ion .  
When shear 
Solut ions to  the  problems of s inusoida l  and parabol ic  d i s t r i b u t i o n s  
of contact  normal pressure  have been derived by two French inves t iga to r s  
(Absi and Seguin, 1967), The s inusoida l  d i s t r i b u t i o n  i s  given by (p = 1)  
*(5 = q cos r (1-24) 
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where q t h e  normal p re s su re  a t  t h e  cen te r  of t h e  bearing p l a t e  
and CT* = appl ied r a d i a l  stress on t h e  boundary, 
The parabol ic  d i s t r i b u t i o n  i s  given by: 
r 
b2 - e2 
B 2  
0; = q 0 -25) 
I n  both cases  the  normal contact  pressure is maximum a t  the  
cen te r  of t h e  bearing p l a t e  (0 = 0) and vanishes a t  t h e  edges 
(6 = f P). Such contact  pressure d i s t r i b u t i o n s  are conceivable f o r  
t h e  case of a r i g i d  bear ing p l a t e  being pushed i n t o  a cohesionless 
s o i l  mass. For t h i s  case, t h e  vanishing of contact  pressure a t  t h e  
edges is  due t o  t h e  very low confinement a t  t hese  loca t ions .  The 
same d i s t r i b u t i o n s  could probably apply t o  the  case of a s p e c i a l  
j a c k  i n  an  e las t ic  medium wi th  f r i c t i o n l e s s  contact  su r f ace  edges. 
The bearing p l a t e s  of such a j ack  have t h e  s e c t i o n  modulus decreasing 
r ap id ly  toward t h e i r  edges (Figure 1-11). These d i s t r i b u t i o n s  do 
n o t  r ep resen t  t h e  a c t u a l  con tac t  stress d i s t r i b u t i o n  on a r i g i d  
p l a t e  pushed aga ins t  t h e  w a l l  of a borehole i n  a more deformable 
elastic medium. The approximate boundary condi t ions include r i g i d  
u n i a x i a l  displacement along t h e  loaded areas and zero boundary 
stresses along t h e  unloaded areas. 
Another French i n v e s t i g a t o r  c a r r i e d  ou t  experimentation t o  
determine t h e  d i s t r i b u t i o n  of contact  stress (Wianicki, 1968).  
S t r a i n  gages were set very c l o s e  t o  the  edge of t h e  borehole, i n  
t h e  r a d i a l  and c i r cumfe ren t i a l  d i r e c t i o n s .  The r a d i a l  stresses w e r e  
ca l cu la t ed  from the  following s t r e s s - s t r a i n  r e l a t ionsh ip :  
(1 -26) 
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LESS 
FIGURE 1-1 1 POSSIBLE 
AT CENTER 
a, 
b. 
SURFACE 
SITUATIONS FOR NORMAL CONTACT PRESSURE, MAXIMUM 
AND VANISHING AT THE EDGES OF THE BEARING PLATES: 
COHESIONLESS MEDIUM, 
PLATES WITH SECTION MODULUUS VERY SMALL TOWARD 
I T S  EDGES 
FIGURE 1-12 CONTACT STRESS DISTRIBUTION UNDER A R I G I D  PLATE WHICH 
IS FORCED AGAINST THE SURFACE OF A MUCH MORE 
DEFORMABLE E L A S T I C  MEDIUM 
1-29 
= r a d i a l  and c i rcumferent ia l  s t r a i n s  r 3  
and E = modulus of e l a s t i c i t y ,  
where E 
The d i s t r i b u t i o n  of t h e  normal contac t  pressure i s  assumed t o  
be that of t he  r a d i a l  stress, ca lcu la ted  from the  s t r a i n  measurements, 
f o r  
w a s  
and 
po in t s  very c lose  t o  t h e  edge of t h e  borehole. 
made f o r  two cases of l a r g e  relative r i g i d i t y  
Experimentation 
modulus of elasticity of the bear ing p l a t e  
modulus of e l a s t i c i t y  of the  t e s t e d  material = 28.7 and 82 
f o r  only one bearing p l a t e  width (28 = 70"). The d i s t r i b u t i o n  
t h a t  b e s t  approximates t h e  experimental r e s u l t s  i s  given by (Wianecki, 
1968) : 
(1-27) 
where 
P = t he  t o t a l  j a c k  load/bear ing p l a t e  length.  
The assumed normal stress d i s t r i b u t i o n  given by Equation (1-27) 
can be  very d i f f e r e n t  from the  a c t u a l  d i s t r i b u t i o n  of the  normal 
component of t h e  contac t  stresses. The latter cannot be measured 
accura te ly  with t h i s  experimental approach because i t  is not  poss ib l e  
t o  set s t r a i n  gages r i g h t  on the  edge of t h e  opening, e spec ia l ly  the  
gages f o r  r a d i a l  deformation measurement. 
stress components i n  t h e  r a d i a l  d i r e c t i o n ,  
of both t h e  angle  9 and t h e  r a d i a l  d i s tance .  
The rate of change of t he  
and -,are func t ions  2al: 2u3 ar 
The stress components 
change g r e a t l y  wi th  r e spec t  t o  0 and r i n  the  region c l o s e  t o  t h e  
edge of t he  opening. Therefore, t h e  contac t  stresses as determined 
by t h i s  experimental approach are only a poor approximation of t he  
a c t u a l  boundary stresses. 
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In the study of in situ determination of rock deformability 
by means of borehole jack, the contact stress was assumed to be 
uniform, unidirectional, and a principal stress component (Goodman, 
Van, and Heuz6, 1967): 
(1-28) 
This boundary stress assumption leads to the existence of 
both normal and shear boundary stresses, both variable across the 
width of the bearing plates: 
(1 -29a) + cos 28) 
9 = - -  sin 28 (3. -29b) re 
where 
0: = Applied normal and shear boundary stresses. 
The normal stress component is maximum at the center of the 
plate (0 = 0) and decreases with the angle 8. The shear component 
is zero at 8 = 0 and increases with 8 for f3 I ~ / 4 .  For large 
bearing plates, f3 1 ~ / 4 ,  the boundary shear component increases 
with 8 up to n / 4 ,  and then decreases with further increase in 8. 
This boundary stress condition is based on the assumption that the 
distribution and characteristic of being a principal component of 
the stress acting on the bearing plates of the hydraulic pistons are 
transferred unchanged to the contact surface between the plates and 
the wall of the opening. Finite element analyses of borehole jack 
1-3 
problems,in which t h e  inf luence  of t h e  presence o r  absence of 
steel p l a t e s  has  been assessed,  have shown t h a t  t h e  boundary 
condi t ion (1-24) is  acceptab le  f o r  t h e  study of deformabil i ty ,  
providing t h a t  there is  no s l ippage along the  contac t  sur face  
(Goodman, Van, and Heuzg, 1967). 
C. The Boundary Conditions f o r  t h e  Borehole Jack i n  an Elastic 
Medium 
To s tudy t h e  mechanism of f a i l u r e ,  t he  assumed boundary stress 
d i s t r i b u t i o n  must approximate f a i r l y  w e l l  t he  a c t u a l  d i s t r i b u t i o n .  
The f a i l u r e  i n i t i a t i o n  takes  place on t h e  edge of t he  opening; 
therefore ,  t h e  induced stress concentrat ion along the  boundary is  
t o  be known accura te ly  t o  estimate the  u l t imate  j ack  load and the  
f a i l u r e  i n i t i a t i o n  loca t ions  co r rec t ly .  A poor assumption on t h e  
appl ied boundary stresses leads  t o  an  inco r rec t  i n t e r p r e t a t i o n  of 
t h e  f a i l u r e  mechanism. 
ind iv idua l  e f f e c t s  of t h e  con t ro l l i ng  f a c t o r s  on the  d i s t r i b u t i o n  
There i s  no poss ib le  way of es t imat ing t h e  
of boundary stresses. These f a c t o r s  include Che mechanical p rope r t i e s  
of the medium, the  relative r i g i d i t y  of t he  steel p l a t e  and of t h e  
medium, ER - Ejack'Emed' - t he  width of the  bearing p l a t e s ,  t he  evenness 
and smoothness of t h e  contac t  sur face ,  and the  level of l oad ing .  
The boundary stresses include both normal and shear  components 
t h a t  vary across  the  width of the  bear ing p l a t e s .  Two probably 
appropr ia te  assumptions on t h e  d i s t r i b u t i o n  of boundary stresses are 
made i n  t h e  following sec t ions ,  based on d i f f e r e n t  considerat ions.  
1. Unid i rec t iona l  contact  stress varying across  the  width of 
t h e  bear ing plates (Problem I) 
When a r i g i d  p l a t e  is  pressed aga ins t  t he  su r face  of 
a much more deformable e l a s t i c  mass, the re  i s  a uniform 
1-32 
displacement which induces a contact stress distribution, 
minimum at the center and maximum along the edge (Figure 
1-12a). When the steel plate of the borehole jack is 
pushed against the wall of the circular opening in a more 
deformable medium, the displacement below the plate is 
very close to a uniform and unidirectional condition. For 
a linearly elastic medium, the contact stress distribution 
would be as shown in Figure 1-12b. 
From finite element analysis of this problem of uniform 
boundary displacement, the stress distribution that is 
very close to the edge of the opening below the rigid plates 
is found to be similar to that shown in Figure 1-12b (Van, 
1967). 
the applied boundary displacements. 
also influenced by the modulus of elasticity E of the 
medium. For a given material, the difference between the 
The shape of the distribution curve changes with 
The distribution is 
m 
stresses at the center and at the edge of the plate increases 
with the applied boundary displacement. 
displacement induces a larger stress difference in a 
medium with higher modulus of elasticity. 
A given boundary 
This is a mixed boundary-valued problem with uniform 
unidirectional boundary displacement below the bearing 
plates, and zero boundary stresses outside the plates, as 
shown in Figure 1-13a. It is much more convenient to solve 
this problem when the boundary displacement condition is 
replaced by an equivalent stress condition, It is reasonable 
to assume that the distribution of contact stress has the 
general shape shown in Figure 1-12b. An expression for 
1-33 
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t h i s  d i s t r i b u t i o n  must include a f a c t o r  k whose d i f f e r e n t  
values  can accommodate the  d i f f e r e n t  shapes of t he  d is -  
t r i b u t i o n  curves which depend on the  modulus of e l a s t i c i t y  
of t he  mater ia l  and the  magnitude of t h e  applied boundary 
d i s  p l a c  emen t . 
The boundary stress d i s t r i b u t i o n  assumed t o  be 
equivalent  t o  the  applied uniform un id i r ec t iona l  boundary 
displacement i s  shown i n  Figure 1-13b: 
Boundary condi t ions a t  p = 1 
= o  
pY 
[q[ k - (k - 1 )  COS 213 - B < 0 < B  
Due t o  the  symmetry of t he  problem, i t  is convenient 
t o  consider t h e  half-plane x > 0. 
t h e  normal and shear boundary stress d i s t r i b u t i o n s  are 
obtained : 
From t h e  Equations (1-30) 
8 = q (  k - (k - 1 )  cos $}cos  8 r 
= q[ k - (k - 1) cos z ] s i n  .rre 0 .t*ra 
(1 -3 l a )  
(1 -31b) 
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= appl ied normal and shear  stress on t h e  * where (5* r 9  ‘re 
boundary 
q = normal stress a t  8 = 0 
k = shape f a c t o r  f o r  the  d i s t r i b u t i o n  curves.  
2. Unidi rec t iona l  p r inc ipa l  boundary stress varying 
across  t h e  bearing p l a t e s  (Problem 11) 
The appl ied  stress aga ins t  the  bear ing p l a t e  is  uniform, 
un id i r ec t iona l ,  and p r inc ipa l  (Figure 1-14a). The contac t  
stress between the  bearing p l a t e  and t h e  w a l l  of t h e  bore- 
ho le  i s  assumed a r b i t r a r i l y  t o  remain un id i r ec t iona l  and 
p r inc ipa l ,  bu t  t o  vary across  the  width of t he  plates 
(Figure 1-14b). 
by : 
The boundary stress d i s t r i b u t i o n  i s  given 
(P = 1) 
(5 = - f  = o  
Y XY 
[ q { k -  (k- 1)  COS^ - B I ~ < B  
IT (e - } ?T - 8 I 8 2 IT + 8 (1-32) 28 Ox =I  q { k  - (k - 1) cos 
The normal and shear boundary stress components are 
obtained from the  Equations (1-32): (x 0 half-plane) 
3: 4 [ k - (‘k - 1 )  cos } (1 + cos 2 9)  * 
O r  28 
(1-33a) 
(1-33b) 
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The boundary shear stress given by the Equation 
(1-33b) is zero at 8 0 and n/2, For 8 n/4 the shear 
stress increases with 8. 
up to n/4,  then decreases with further increase in 0 ,  
variation of the boundary shear stress is in agreement 
with one physical consideration; 
the borehole deforms. 
between the bearing plates and the wall along the contact 
surface in the circumferential direction. 
the four points C ,  C', D, and D', do not displace in the 
circumferential direction (Figure 1-15a). When the plate 
width is small (B < r/4) the differential displacement is 
zero at D (0  = 0 )  and maximum at A (9 = B). 
plate width (B > r / 4 ) ,  the differential circumferential 
movement reaches the maximum at 8 = r /4 ,  then decreases 
with further increase in 9 (Figure 1-15b). We can reasonably 
For 6 > 1 ~ 1 4 ,  .cCe increases with 8 
This 
When load is applied, 
There is a differential displacement 
Due to symmetry, 
For a large 
assume that the magnitude of the contact shear stress is 
proportional to the differential displacement. With this 
assumption, the boundary conditions (1-33) are appropriate 
for the differential displacement between the bearing plate 
and the medium, as shown in Figure 1-15b. 
D. Some Remarks on Nontensile Mode of Failure and on Nonidealized 
Materials 
For both quadrantal jack and borehole jack, as the angle 
becomes small, the applied load needed to initiate tensile fracturing 
induces large stresses in the regions below the curved jacks or 
below the bearing plates. When the angle becomes small enough, it 
1-38 
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is poss ib le  f o r  the  borehole t o  f a i l  by a nontens i le  mode of 
f a i l u r e ,  before  the  i n i t i a t i o n  of tensile f r a c t u r i n g  i s  reached. 
When the  induced compressive stress below the  bear ing p l a t e s  i s  
i n  order o r  magnitude of t he  compressive s t r eng th  of t he  material, 
f a i l u r e  takes  p lace  wi th  t h e  following c r i t e r i o n  (Goodman, 1967, 
1968) : 
T = N + D aoct f o r  0 > o 
o c t  act (1-343 
where 
= octahedra l  shear stress and oc tahedra l  normal stress 
O C t '  Ooct T 
N, D ,  B = material p rope r t i e s ,  t o  be determined experimentally. 
For a material w i th  proper t ies  N, D ,  B,  and T under an i n  s i t u  
S' 
stress f i e l d  wi th  p r i n c i p a l  components p l ,  pl ,  and an o r i e n t a t i o n  
angle  a ,  subjected t o  a borehole j ack  loading with a contact  stress 
d i s t r i b u t i o n  f a c t o r  k,  t h e o r e t i c a l l y  the re  e x i s t s  a c r i t i c a l  bear ing 
p l a t e  angle  6" such t h a t  both the f a i l u r e  c r i t e r i o n  0 
and the  c r i t e r i o n  (1-34) are reached simultaneously as the  appl ied 
= T  
S minor 
load is  increased.  The c r i t i c a l  angle  f3" can be found when a l l  o ther  
parameters are given. For each angle  f3, the  jack  load P f o r  t he  
i n i t i a t i o n  of t e n s i l e  f r e c t u r i n g  is ca lcu la ted .  
then used t o  f ind  the  stress d i s t r i b u t i o n ,  from which the  octahedral  
i n i t  
The load Pinit i s  
normal and shear  stresses a t  every po in t  can be ca lcu la ted .  
a l l  angles 6 ' s  f o r  which the  condi t ion T 
f i e d  everywhere, t he  borehole w i l l  f a i l  i n  tension. For a l l  t he  
For 
i s  satis- B < N + D T~~~ o c t  
angle  B ' s ,  f o r  which t h e r e  is  one o r  more poin ts  where the  r e l a t i o n  
= N + D Ooct 
c r i t e r i o n  (1-32).  
parameters (N, D ,  and B ) ,  t he  smaller the  c r i t i c a l  angle  (3". 
i s  s a t i s f i e d ,  the  material f a i l s  according t o  
The l a r g e r  the t e n s i l e  s t r eng th  T and the  s t r eng th  
Tact 
S 
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From experimentation with plaster-celcite mixture, with plate 
angle f3 = lo", some punching was observed; the mode of failure 
determined by the criterion (1-34)  for a borehole jack test in a rock 
mass can be achieved only for very small plate angles, probably in 
the order of a few degrees. A jack with such small bearing plates 
behaves as a penetrometer. As discussed earlier, for such a pene- 
trometer, the testing results would be too scattered to allow any 
reasonably meaningful interpretation. Any attempt to make quanti- 
tative correlation between the strength of the medium and the 
untimate load would require a large program of testing; the empirical 
relations would include large coefficients of uncertainty. 
The actual borehole jack problem is three-dimensional. It can 
be expected that the contact stresses are not uniform along the 
length of the bearing plates. Rigid plate displacement would result 
in a larger contact pressure in the regions near the ends of the 
plates. 
their strength parameters and deformability vary from point to point 
and are different in different directions. Planes of weakness and 
joints cannot carry tensile loads; slippage can occur along these 
Rock masses are in general nonhomogeneous and anisotropic; 
T planes when a failure criterion in the form T 
where C and tan Cp are joint properties, T and 
normal stresses to the plane. In general, the 
ships for rocks are nonlinear, and the modulus 
T 
= C -t- CT tan Cp is met, 
CT are tangential and 
stress-strain relation- 
of deformability is a 
n 
n 
function of the stress level. 
mentioned on the mechanism of failure can be investigated by finite 
element analysis (see Chapter 3 ) .  
The effects of one or more parameters 
I V ,  TENSILE FRACTURING OF AN ELASTIC MEDIUM BY BOREHOLE JACK LOADING. 
A. Dis t r ibu t ion  of oel Induced by Borehole Jack Loading, Along a 
Circu lar  Opening 
The so lu t ions  t o  Problems I and I1 are presented inAppendices  
1-C and 1-D. 
given by Equations (1-31) and (1-33) e 
The boundary stresses f o r  these  two problems were 
The t o t a l  load exerted by the bear ing plates aga ins t  the  w a l l  
of the  borehole i n  the  x-direct ion is  given by the  following equation: 
P = MRq 
(1-35) 
where P = t o t a l  j a c k  load/ length of t h e  bearing p l a t e s  
R = r ad ius  of the  opening 
CJ normal stress a t  p l a t e  center  (e = 0) 
k = boundary stress d i s t r i b u t i o n  f ac to r .  
The j ack  load P induces a c i rcumferent ia l  stress G along e 
t h e  c i r c u l a r  opening: 
where 
K (k, 6, 0 )  = stress f a c t o r  a t  t he  loca t ion  8 on t he  opening. 
Denote KI (k, B ,  6)  and KII (k, B, 0)  as the  stress f a c t o r s  
derived from the  so lu t ions  t o  Problems I and 11. Along the  loaded 
areas (Figure 1-14) w e  have (from t h e  Appendices): 
(1-37) 
00 
[ k  s i n  (2m - 1) 8 - 2(k - 1) cos (2m - 1) f3 ] cos IT B (v + 4m - 2) (g - 4m + 2) (2m - 1) IT + 8  mt 
I T e  [cos 28 - 1) +:! (m - 2k 1) T sin 2(m - 1) B cos 2m0 1 
cos 213 + T  (k - 1) 
m= 2 
8(k - 1) cos 2(m - 1) 8 cos  2m0 
IT 
m= 1 
(1-38) 
Along the  unloaded areas, the  stress f a c t o r s  K and KII are 1 
given by: 
8 [ k sin (2m - 1) f3 
(2m - 1) IT KI (k, 8, 0) = 
cos 2m4 I - 2(k - 1) cos (2m - 1) (3 B (B + 4m - 2) (E - 4m + 2) IT IT 
2kB + 4(k -, 1) P + W cos 20 KII (k, 8, 0)  = [ - 7 IT 
IT2 
(1-39) 
1 2k s i n  2(m - 1) f3 cos 2m8 - 1 8(k - 1) cos 2(m .- 1) 8 cos 2m6 IT m=2 m= i @(E+ 4m - 4) (i - 4m + 4 )  
where 
I 4(k - 1) IT COS f3 M = [ 2k sin 8 - (1-40) 
3 
The numerical eva lua t ion  of the  stress f a c t o r s  showed t h a t  
both KI and KII are t h e  most t e n s i l e  (negative) a t  t h e  edges A, B, 
A t 9  and B' of t h e  bear ing p l a t e s  (0  = -8, + B, f3 + n9 and ?T - B ) .  
The stress f a c t o r s  a t  those  po in t s  are denoted as KIT (kl B) and 
KIIT (k, e). 
1- lb .  The v a r i a t i o n s  of t h e  maximum stress f a c t o r s ,  
Their  numerical values are given i n  Tables 1-la and 
K I T  and K I I T '  
wi th  respec t  t o  t h e  boundary stress d i s t r i b u t i o n  f a c t o r  k and t h e  
bear ing p l a t e  width angle  B are shown i n  Figures 1-17a and 1-19a 
The maximum stress f a c t o r  K ( so lu t ion  I) increases  with both IT 
k and 6. 
k; however, f o r  a given va lue  of k, K has a maximum a t  the  loca- 
t i o n  0 approximately equal  t o  n/4.  For the  bearing p l a t e s  with t h e  
angles  6's smaller than n /4 ,  t h e  two so lu t ions  I and I1 give approxi- 
The maximum stress f a c t o r  KIIT ( so lu t ion  11) increases  with 
I I T  
mately t h e  same t e n s i l e  stress f a c t o r s  (K S KIIT) a t  t he  edges of 
t h e  p l a t e s  (Figures 1-17a and 1-17b). For bearing p l a t e  angles 6 ' s  
l a r g e r  than ~ / 4 ,  KIT increases ,  while KIIT decreasesrwi th  respec t  t o  
t h e  angle B .  
I T  
The two boundary stress condi t ions I (Equations 1-31) and I1 
(Equations 1-33) induce similar d i s t r i b u t i o n s  of minor p r inc ipa l  
stress along t h e  c i r c u l a r  opening. For both cases ,  t he  minor 
p r inc ipa l  stress is  the  most t e n s i l e  a t  the  edges of t h e  bearing 
p l a t e s .  
t h e  minor p r i n c i p a l  stress. 
Along t h e  unloaded areas, t h e  c i rcumferent ia l  stress o0 i s  
The magnitude of t he  t e n s i l e  minor stress 
0 CT 
becomes approximately c o n s t a n t a  few degrees from t h e  edges of t h e  
decreases very r ap id ly  with respec t  to t he  angle  6; t h e  stress CT 0 
bearing p l a t e s .  
t h e  opening i s  shown i n  Figure 1-16. 
The v a r i a t i o n  of t he  c i rcumferent ia l  stress Oe along 
It should be noted tha t  along 
A PRINCIPAL COMPONENT P 
FIGURE 1-16 THE DISTRIBUTION OF CIRCUMFERENTIAL STRESS 
ALONG THE EDGE OF A CIRCULAR OPENING UNDER 
BOREHOLE JACK LOADING 
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t h e  loaded areas, t h e  stress CT 
due t o  t h e  presence of t h e  applied boundary shear stress T:~. 
is no t  a p r i n c i p a l  stress component e 
Real materials are no t  l i n e a r l y  e las t ic  and have t h e  t e n s i l e  
s t r e n g t h  varying with the confinement. For these  materials, t h e  
stress f a c t o r  a t  the  p o i n t s  C and C' (p  = 1, 0 = ~ / 2  and -7r/2) is  
an  important c o n t r o l l i n g  f a c t o r  on t h e  a c t u a l  f r a c t u r e  i n i t i a t i o n  
loads and t h e  crack loca t ions .  The stress f a c t o r s  KI (k ,  B,  IT/^) 
and K~~ (k, 6,  IT/^) are given i n  Tables 1-2a and 1-2b. Their 
v a r i a t i o n s  wi th  r e spec t  t o  k and B are shown i n  Figures 1-7b and 
1-19b. 
A s  t h e  ang le  B becomes very small (6 -+ 0 ) ,  t h e o r e t i c a l l y ,  t h e  
stress f a c t o r s  KI (k, 6,  IT/^) and KII (k, 8, ~ / 2 )  should approach 
t h e  same l i m i t i n g  value,  independent of k. This l i m i t i n g  value w a s  
found t o  b e   IT IT: 
1 i m  2 2 
B-+O KI (k, 6, --) = - - IT 
l i m  IT 2 B+o KII (k, B, .i> = - - IT 
(1 -41a) 
The same stress f a c t o r  w a s  obtained f o r  t he  quadrantal  jack 
loading when t h e  angle B approaches zero. Two d iame t r i ca l ly  opposed 
2 p o i n t  loads P ' s  (at  8 = 0 and IT) induce t h e  same stress f a c t o r  - - 
IT 
IT IT 
a t  the  p o i n t s  c and c' (0 = - and - TI* 2 
B. Tensi le  Fractur ing of an  Elastic Medium by Borehole Jack Loading. 
A borehole j a c k  wi th  very  narrow bearing p l a t e s  induces l o c a l  
f a i l u r e  i n  a c i r c u l a r  opening i n  a b r i t t l e  medium. 
includes o3e o r  more of t h e  following modes: crushing, punching, 
The l o c a l  f a i l u r e  
and lateral  chipping. Such a borehole j a c k  a c t s  as a rock penetrometer. 
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When the  bear ing p l a t e s  are l a r g e  enough, the  c i r c u l a r  opening 
f a i l s  by tensile f r a c t u r i n g  under borehole j ack  loading;. 
1. Tensile f r a c t u r e  i n  a medium i n i t i a l l y  nonstressed, 
The i n - s i t u  stress f i e l d  i s  zero. Under borehole j ack  loading, 
t h e  maximum t e n s i l e  stress is  developed a t  t he  edges of the  bear ing 
p l a t e s  (8 = -6, 6,  IT - 6, and  IT^ 6) as discussed i n  p a r t  A. Tens i l e  
f r a c t u r i n g  is  i n i t i a t e d  when the  maximum t e n s i l e  stress i s  equal t o  
t h e  t e n s i l e  s t r eng th  T of t he  medium. The i n i t i a t i o n  of t he  
f r a c t u r i n g  should t ake  p l ace  a t  the  fou r  edges of the  two bear ing 
p l a t e s  when (5 = T where is t h e  circumferent ia l  stress a t  t h e  
point  A (0  = 6):  
S 
8A s 
(1-42) 
where 
= jack load a t  f r a c t u r e  i n i t i a t i o n / l e n g t h  of t h e  ' i n i t  
bear ing p l a t e s  
R = r a d i u s  of t he  opening 
KT (k, 6) = maximum stress f a c t o r  (at the  edges of t h e  bear ing 
p l a t e s .  
f o r  so lu t ion  I (Table 1-la) = K I T  
- f o r  so lu t ion  I1 (Table 1-2a). - K I I T  
2. Tens i l e  f r a c t u r e  i n  a medium i n i t i a l l y  under an i s o t r o p i c  in - s i tu  
stress f i e l d .  
An i s o t r o p i c  i n - s i t u  stress f i e l d  p1 induces a uniform circum- 
f e r e n t i a l  stress (5 
borehole j a c k  loading i s  introduced, t h e  n e t  stress d i s t r i b u t i o n  i n  
equal t o  2p, along a c i r c u l a r  opening. When 8 
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the  medium has the  minimum minor p r inc ipa l  stress a t  the  edges of 
t h e  bear ing p l a t e s ,  
minor p r i n c i p a l  stress a t  the  p l a t e  edges i s  equal t o  t h e  tensile 
s t r eng th  of t h e  medium, i.e.,  0 
c i rcumferent ia l  stress a t  t h e  point  A (0 = B ) :  
Tensile f r ac tu r ing  i s  i n i t i a t e d  when the  
where 0 is  the  net  0A = Ts’ BA 
’ in i t  Ts = 2p, + 5 (k, 8) 7 (1-4 3) 
where 
P, = magnitude of the  i n  s i t u  stress f i e l d ,  a l l  o the r  
t e r m s  have been def ined above, 
It can be  seen from t h e  Equation (1-43) t h a t  t he  in t roduct ion  
of an i s o t r o p i c  i n  s i t u  stress f i e l d  p, requi res  an e x t r a  amount of 
2R P. 
j ack  
3.  
p1 ’ 
- 1  t o  cause t h e  f r a c t u r e  i n i t i a t i o n .  
%(IC, B) load equal  t o  - 
Tens i le  f r a c t u r e  i n  a medium i n i t i a l l y  under an  in - s i tu  b i a x i a l  
stress f i e l d .  
An i n  s i t u  b i a x i a l  stress f i e l d  with the  p r i n c i p a l  components 
p2 induces a c i rcumferent ia l  stress 0 along a c i r c u l a r  opening 0 
which v a r i e s  with respec t  t o  the  angle  0 (Figure 1-18): 
where 
0 ,  = t h e  angle  measured from p ,  d i rec t ion .  
When borehole j ack  loading is  appl ied ,  the n e t  c i rcumferent ia l  
stress along the  c i r c u l a r  opening is obtained by adding the  two 
Equations ( 1-36) and (1-4 4). 
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FIGURE 1-18 BOREHOLE JACK LOADING IN A MEDIUM SUBJECTED TO AN IN SITU 
BIAXIAL STRESS FIELD. CONTACT STRESS IS ASSUMED TO BE 
UNIDIRECTIONAL. 
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Along t h e  unloaded arcs (Figure 1-18)$ t h e  n e t  c i r cumfe ren t i a l  
stress is  a p r i n c i p a l  stress component: 
where 
p,, p2 = p r i n c i p a l  components of t h e  i n  s i t u  stress f i e l d .  
0 = angle  measured from x-direct ion (Figure 1-18) 
a = angle  between pl-direct ion and x-direction of j a c k  
loading . 
K (k, 6, 0 )  given by the  Equation (1-39) f o r  s o l u t i o n  I I 
(k, B, 0)  given by t h e  Equation (1-40) f o r  s o l u t i o n  11. 
K (k, 8, e > =  
Along t h e  loaded arcs (below t h e  bearing p l a t e s ) ,  the  n e t  circum- 
f e r e n t i a l  stress o0 is  n o t  a p r i n c i p a l  stress component due t o  t h e  
presence of t h e  applied shear stress T* The mino+ p r i n c i p a l  stress 
a t  a po in t  0 on these arcs i s  calculated from the  following equation: 
r e  * 
where 
= minor p r i n c i p a l  stress, 'minor 
0: , T E ~  = applied boundary normal and shear stresses. 
0 = circumferent ia l  stress along the c i r c u l a r  opening. 0 
( 1-46) 
The stress components G* T* and G t o  be used i n  the  Equation r ' r 0  e 
(1-47)are  given by t h e  following expressions: 
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For the  use  of so lu t ion  I: 
k - (k - 1) cos $1 cos 8 
P IT0 r* re I = - -[ RM k - (k - 1) cos -1 28 s i n  0 
(1-47) 
IT M = [2k s i n  8 - (1-50) 
KI (k, 8, 0 )  defined by the  Equation (1-37) 
For t h e  use of s o l u t i o n  11: 
k - (k - 1) cos (1 + cos 20) (1-51) ‘r1I ~ R M  
= - - - [  P k -  ( k -  1) c o s -  s i n  20 (1-52) 
2RM 26 T* re11 
where 
M i s  defined by t h e  Equation (1-50) 
KII (k, a ,  8 )  is defined by the  Equation (1-38) 
The Equation (1-46) can be rearranged i n t o  the  following form: 
08 0; + ‘minor 2 - (Q2 - *minor + 0:) = 0 (1 -54)  
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where 
is defined by t h e  Equations (1-55) and (1-56) e ' i n i t  
The minimization of P can be done numerically by f i r s t  i n i t  
evaluat ing i t s  values  from a l l  t he  angles  8 ' s .  
b e  handled by computer. An in t ens ive  inves t iga t ion  of t he  in f luence  
of a l l  t h e  parameters involved would r equ i r e  a very l a r g e  amount of 
computer t i m e  t o  a l l  t h e  poss ib l e  combinations of t h e  parameter 
ranges, and t h i s  expensive study might f i n d  l i t t l e  p r a c t i c a l  app l i -  
ca t ion .  
This operat ion must 
Under normal f i e l d  condi t ions,  t h e  i n  s i t u  stresses usua l ly  
induce a compressive D 
There are poss ib l e  condi t ions under which oe could be t e n s i l e ;  however, 
t h e  maximum t e n s i l e  stress CT would be much smaller than the  t e n s i l e  
s t r e n g t h  of t h e  medium (1 - p1 + 3p, 1 <<1 Tsl). 
under borehole j ack  loading, t e n s i l e  f r a c t u r i n g  i s  i n i t i a t e d  a t  two 
along a c i r c u l a r  opening (-p, + 3p, 0). 0 
e 
For these cases ,  
edges ( c l o s e s t  t o  p,-axis) of the  bear ing p l a t e s ,  i.e., t he  two points, 
A and A'  i n  Figure 1-20: 
where 
KT (k, 8) = maximum stress f a c t o r ,  given i n  Tables l - la  and 1-2a 
= jack load t o  i n i t i a t e  cracks a t  A and A' (Figure 1-20) .  
' i n i t  
When t h e  j ack  is  o r i en ted  such t h a t  one edge of a bearing p l a t e  
i s  on t h e  pl-axis (a  = e ) ,  t h e  Equation (1-58) becomes: 
D 
(1-59 ) 
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* * $  FIGURE 1-20 BOREHOLE JACK LOADING IN A MEDIUM SUBJECTED TO AN IN SITU 
b,) BIAXIAL STRESS FIELD. CONTACT STRESS IS ASSUMED TO BE 
UNIDIRECTIONAL AND PRINCIPAL 
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The r o t a t i o n  of t he  j a c k  through an  90" angle p l aces  one edge 
of t he  bear ing p l a t e  on t h e  p,-axis (a = 90 - f 3 ) @  
(1-59) becomes: 
The Equation 
(1-60) 
For a j a c k  with an  ang le  f3 is  equal t o  45" such as t h e  NX- 
borehole j a c k  (Goodman j a c k ) ,  both the  o r i e n t a t i o n s  a = 0 and T g ive  
t h e  same equation: 
D 
V. THE MECHANISM OF FAILURE OF A CIRCULAR BOREHOLE I N  SOILS BY BOREHOLE 
JACK LOADING 
The problem of a borehole jack i n  s o i l s  is  d i f f e r e n t  from t h a t  
i n  rocks due t o  the  p l a s t i c  behavior of s o i l s  and t h e i r  i n a b i l i t y  t o  
c a r r y  tension of an appreciable  magnitude. 
With t h e  b e s t  precaution and care, t h e  d r i l l i n g  of a borehole i n  
a s o i l  mass s t i l l  causes disturbance along the  w a l l  of t h e  opening, 
which includes compaction, remolding, and breakage of weak t ens iona l  
bonds. Natural  s o i l  masses are general ly  no t  w e l l  compacted. When 
t h e  borehole i s  under j a c k  load, the  material behind the  bearing 
p l a t e s  i s  compacted, allowing the  bearing p l a t e  t o  be pushed i n t o  t h e  
s o i l  mass. The r e s i s t a n c e  t o  p l a t e  movement increases  with load due 
t o  the  inc rease  i n  the  degree of compaction of t he  material i n  t h e  
region below the  p l a t e .  A j ack  designed t o  be used i n  s o i l  masses 
1-62 
must provide a very  l a r g e  amount of displacement, i n  t h e  order  of 
t h e  hole diameter o r  g r e a t e r .  
One way of analyzing r e s u l t s  i s  t o  set up a l a r g e  t e s t i n g  
and then t o  c o r r e l a t e  the r e s i s t a n c e  t o  planned move- program 
ment with t h e  bearing capac i ty  of t h e  material. 
between set t lement  and load can be determined empir ical ly  from t h e  
experimental r e s u l t s .  
s imilar  t o  t h a t  of t he  s o i l  penetrometer. 
The r e l a t i o n s h i p  
The t e s t i n g  concept of such a device would be 
The t h e o r e t i c a l  considerat ion of t h e  mechanism of f a i l u r e  of a 
borehole i n  s o i l s ,  subjected t o  borehole p l a t e  loading i s  presented 
t o  provide a background f o r  f u t u r e  development of borehole t e s t i n g  
i n  s o i l s .  
For narrow bearing p l a t e s ,  the  problem i s  t h a t  of a s t r i p  foo t ing  
on a curved surface.  When t h e  appl ied load aga ins t  t h e  p l a t e  is  l a r g e  
enough, f a i l u r e  takes p l ace  along curved sur faces .  E i the r  the  P rand t l  
mechanism o r  the  H i l l  mechanism can be used t o  i n t e r p r e t  the  r e s u l t s ,  
bu t  the  H i l l  mechanism w a s  proven t o  give a more appropriate  v e l o c i t y  
f i e l d  ( H i l l ,  1951).  
The l i m i t  ana lys i s  method i n  p l a s t i c i t y  can be used t o  f i n d  the  
upper and lower bounds t o  t h i s  problem. Usually i t  i s  very d i f f i c u l t  
t o  f ind  an  exact so lu t ion ,  t he re fo re  the  two bounds are estimated. 
The s o l u t i o n  i s  within t h e  bounds. I f  t h e  two bounds coincide,  they 
are the  c o r r e c t  s o l u t i o n  (Chen, 1966; Finn, 1965).  
To f i n d  a lower bound, one tries t o  guess a s t a t i c a l l y  admissi- 
b l e  stress f i e l d ,  then t o  determine the  load aga ins t  t he  p l a t e  which 
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induces t h i s  stress f i e l d ,  Since the re  i s  s t a b i l i t y  f o r  t h i s  load, 
s t a b i l i t y  i s  assured f o r  any smaller load. To f ind  an  upper bound, 
a kinematical ly  admissible ve loc i ty  f i e l d  is  guessed f o r  an assumed 
f a i l u r e  mechanism which i s  based on "engineering experience and 
i n t u i t  ion" . 
An upper bound i s  t h e  load needed t o  induce such a ve loc i ty  
f i e l d .  The choice of t he  stress f i e l d  and t h e  v e l o c i t y  f i e l d  is 
completely a r b i t r a r y ,  and t h e  bounds can be very f a r  a p a r t .  
Theore t i ca l ly ,  a l l  poss ib l e  f i e l d s  should be considered. I n  p r a c t i c e ,  
only a number of stress f i e l d s  are considered; the  smallest upper 
bound and t h e  l a r g e s t  lower bound c o n s t i t u t e  a bracket.  
i s  narrowed by repeated t r i a l s  u n t i l  t h e  range is s m a l l  enough f o r  
t h e  desired purpose, o r  u n t i l  no f u r t h e r  improvement could be made 
(Chen, 1966; Shie ld ,  1954; Finn, 1965). 
The bracket  
1. Upper bound s o l u t i o n  
The s m a l l  bearing p l a t e s  are assumed t o  be  f l a t  (Figure 
The f a i l u r e  su r face  includes the  s t r a i g h t  l i n e  AC, making an  
1-21) 
angle (45 + 4/2) with t h e  base AB where 4 is  the  angle  of 
i n t e r n a l  f r i c t i o n ,  a logarithmic s p i r a l  CD,  and a curve approxi- 
mated by a number of s t r a i g h t  l i n e s  DE, EF, FG. Each of t he  
blocks BDE, BEF, and BFG moves as a r i g i d  block. Radial  shear 
e x i s t s  i n  the  s p i r a l  zone BCD. Along each of t he  discontinuous 
su r faces  t h e  v e l o c i t y  makes an angle  ($ with the  surface of  
d i scon t inu i ty .  Along the  s p i r a l  the  ve loc i ty  varies according 
t o  t h e  r e l a t i o n  Ve = V l e  2e tan ' where V ,  i s  the  ve loc i ty  a t  
8 = 0 (Finn, 1965; Chen, 1966). 
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Call VF the  f i e l d  ve loc i ty  f o r  the  downward movement 
of t he  p l a t e  
discontinuous sur face  AC - can be e i t h e r  ca lcu la ted ,  o r  
evaluated graphica l ly ,  
the v e l o c i t y  V, a t  D is equal t o  V l e  ' tan ', The remaining 
v e l o c i t i e s  corresponding t o  o ther  discontinuous sur faces  are 
determined graphica l ly  by a hodograph (Figure 1-22). The curve 
C 'D '  on the  hodograph is a logari thmic s p i r a l  with center  0. 
The r ad ius  of t h i s  s p i r a l  represents  the  changing ve loc i ty  along 
the  curve CD. 
t he  ve loc i ty  V, - making an angle  4 with the 
With the angle  CBD assumed t o  be ~ / 2 ,  
The amount of energy d i s s ipa t ed  along AC, CD and wi th in  
the deformable zone of r a d i a l  shear  BCD are r e a d i l y  ca lcu la ted .  
The energy d i s s ipa t ed  on each s t r a i g h t  l i n e  is  equal t o  cLV cos + 
where 
c = cohesion of t he  material 
L = length of l i n e  
V = ve loc i ty  
For the  area defined by t h e  logarithmic s p i r a l ,  energy is 
d i s s ipa t ed  along t h e  surface CD, and a l s o  wi th in  the  area CBD - 
t o  accomodate the  deformation caused by r a d i a l  shear .  The t o t a l  
energy d i s s ipa t ed  on CD and BCD is equal t o  CVlcot cb (e 
(Finn, 1965). 
1) 
IT t a n  4- 
The t o t a l  energy is minimized graphical ly  by using var ious  
assumptions of discontinuous sur face  AE, FG. 
2. Lower bound s o l u t i o n  
This i s  the problem of a s t r i p  foot ing a t  the  bottom of a 
symmetrical va l l ey  with curved f lanks .  A lower bound f o r  a s t r i p  
1-65 
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foundation a t  t he  bottom of a symmetrical v a l l e y  wi th  two 
planar f l a n k s  is  a v a i l a b l e  (Chen, 19661, 
adopted t o  the  jack problem as shown i n  Figure 1-23. 
stress f i e l d  f o r  t h i s  improved lower bound includes the  stress 
f i e l d  i n  the  trapezoid FDDF, and t h e  stress f i e l d  i n  the  wedge 
CDH - induced the u n i l a t e r a l  pressure aga ins t  CD. 
This s o l u t i o n  can be 
The 
The trapezoid FDDF supports a ver t ical  p re s su re  Q, which 
induces a ho r i zon ta l  pressure q1 i n  DDE and a compressional 
pressure p, i n  each of t h e  two l e g s  of t he  t rapezoid,  p a r a l l e l  
t o  t h e  d i r e c t i o n  DF. 
I n  the  ver t ical  region DDCC below the  p l a t e ,  ho r i zon ta l  
and v e r t i c a l  compressional pressure Q, are a r b i t r a r i l y  added. 
The a r b i t r a r y  in t roduc t ion  of stress components does not  v i o l a t e  
the  method of l i m i t  a n a l y s i s  i n  p l a s t i c i t y  (Chen, 1966; Finn 1965). 
The maximum pres su re  Q, a c t i n g  on the  f a c e  CD and inducing 
a s t a t i c a l l y  admissible s ta te  of stress i n  the  wedge CDG i s  
con t ro l l ed  by the material p rope r t i e s  4 and C ,  and the  angle  
of i n c l i n a t i o n  a2 (Figure 1-23) (Chen, 1966): 
A 
(1-62) s i n  (V + a,) 
s i n  (V - a2) - 
= c c o t  +{tan2 (45" + 4/21 
Q 2  A 
where 
cos v = s i n  4 sin, 
The same value of Q, was obtained earlier by Shield through 
the  app l i ca t ion  of t h e  general  "jump condition" (Shield,  1954) e 
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With Q, given by Equation (1-62) the yield condition 
and the angle of inclination a,, the stress p ,  corresponding 
to the plastic equilibrium in the legs EBDF is derived 
1966) : 
(Chen, 
and 
sin a, = COS Q,/2 
(1-63a) 
(1-63b) 
where 
B, = a2 + ?r/4 
sin 1-1, = sin Q, sin 8, 
The values of p ,  and a, given by the Equations (1-63) the 
condition of equilibrium of forces, and the condition of plastic 
yield in DDE, are used to calculate Q, (Chen, 1966). 
+ sin2 Q, + (1 + sin $1 ( 4  + sin2 Q , > ~ / z )  
The load Q, = Q, + Q, against the bearing plate produces 
plastic yield in the region EBEFDDF. The state of stress in 
1 -ti9 
the  s o i l  mass induced by the  lower bound Q 
s t a t i c a l l y  admissible:  
i s  everywhere L 
3 .  Large bear ing p l a t e s  aga ins t  t he  borehole i n  a compacted 
s o i l  mass. 
I n i t i a l l y ,  as load is  appl ied ,  t he  bearing p l a t e  is pushed 
i n t o  t h e  dense s o i l  mass causing f u r t h e r  compaction i n  the  
region below the  p l a t e .  The rate of p l a t e  displacement decreases  
with load due t o  higher  degree of compaction. I n  the  region 
MMNN, the weak tensi le  bonds are broken, c r ea t iog  a “no-stress” 
zone. The no-stress zones extend deeper i n t o  the s o i l  mass 
as appl ied  load i s  increased forming two “halves-space“. 
material below the  p l a t e s  f i n a l l y  f a i l e d  along curved sur faces  
The 
(Figure 1-24). The f a i l u r e  sur face  is  assumed t o  be t h a t  of t he  
Prandt l  mechanism. The upper bound f o r  a c-@ medium i s  given 
by (Finn, 1965): 
(1-66) 
1-70 
I 
t 
I -  
I 
I 
I 
1 
I 
I 
1 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
1 
c3 z 
w a z 
x 
w 
2 
c!J z 
W 
-I- 
N 
I 
P 
1-7 
The lower bound is  given by t h e  Equation (1-65) 
with 8, = r / 2 :  
x [4 + s i n  4 + s i n 2  
B. Borehole Jack Loading 
4 + (1 + s i n  0) 
n Very Loose So 
(1 -67) 
( 4  + s i n  4 2 ) 1/21 
1 Masses 
When load i s  appl ied,  t h e  bearing p l a t e  i s  pushed i n t o  the  s o i l  
mass, compacting t h e  s o i l  below the  p l a t e  forming a rectangular  trench. 
There would b e  a s l i g h t  i nc rease  i n  t h e  degree of compaction of t h e  
material a long t h e  w a l l  of t h e  trench. The p l a t e  displacement and 
the  thickness  of t h e  compacted zone below t h e  p l a t e  increase with load. 
Because of t h e  high void r a t i o ,  t he  compacted zone i s  a rectangular  
prism, similar t o  t h e  case of a very porous material subjected t o  
p l a t e  laad ,  experiences a s t r u c t u r a l  co l l apse  (Figure 1-25). 
For porous solids., t h e  s t r u c t u r a l  co l l apse  t akes  p l ace  when the 
average pressure  below t h e  bearing p l a t e  is  s l i g h t l y  l a r g e r  than t h e  
compressive s t r e n g t h  of t h e  materials (Chercasov, 1967). For l o o s e  
s o i l s ,  t h e r e  should be considerable p l a t e  movement when the  appl ied 
pressure is  equal  t o  t h e  unconfined compressive s t r e n g t h  of t he  
material which is  very small. 
For a given appl ied load, p l a t e  movement ceases when the  t o t a l  
r e s i s t i n g  fo rce ,  including t h e  normal f o r c e  exerted a g a i n s t  t h e  
compacted mass and t h e  shear  resistance along i ts  s i d e s ,  equals t h e  
applied load (Figure 1-26). 
p l a t e  displacement with r e spec t  t o  load (- = displacement change/load 
It would b e  expected t h a t  t h e  rate of 
AU 
AP 
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change) be cons t an t  since extra resistance t o  displacement can 
be mobilized only from the increase i n  t h e  shear along t h e  s ides  
of t h e  compacted prism due t o  t h e  increase of t he  prism's thickness ,  
C. Bearing P l a t e  Against t h e  Wall of a Borehole i n  a Medium Dense 
S o i l  
Usually, a n a t u r a l  i n  s i t u  s o i l  mass i s  medium dense, somewhere 
between t h e  two extreme cases of very dense and very loose  condi t ions 
discussed above. 
is  pushed i n t o  t h e  s o i l  mass, forming a rectangular  trench. A 
compacted bulb is  formed wi th  the highest  degree of compaction i n  
t h e  region immediately below the  p l a t e .  A s  extra load i s  added, 
t he  compacted bulb inc reases  i n  s i z e ,  u n t i l  t he  r e s i s t i n g  fo rce  
exerted aga ins t  i t  by t h e  surrounding s o i l  mass equals  t h e  t o t a l  
applied f o r c e  (Figure 1-27). 
p l a t e  displacement with r e spec t  t o  the  load be decreasing due t o  t h e  
When a s m a l l  amount of load i s  app l i ed ,  t he  p l a t e  
It would b e  expected t h a t  the  ra te  of 
a s i z e  increase of the compacted bulb, 
t o t a l  applied load is  l a r g e  enough, any f u r t h e r  i nc rease  i n  load 
causes i n s i g n i f i c a n t  p l a t e  movement and increase i n  bulb s i z e ,  
However, t h e  increase i n  appl ied load increases  t h e  magnitude of 
t h e  stress f i e l d  i n  the  region below t h e  p l a t e ;  and eventually,  
curved f a i l u r e  surfaces  are formed i n  the  compacted bulb - shear 
f a i l u r e  (Figure 1-28). 
[ap (AU/AP) < 03. When t h e  
Therefore, medium dense s o i l  under j ack  p l a t e  test behaves as 
a very loose  s o i l  when t h e  applied load i s  very s m a l l ;  a t  medium load 
range a compacted bulb i s  formed, having l a r g e r  s i z e  with increasing 
loading, and f i n a l l y ,  when t h e  applied load and t h e  compacted bulb 
are l a rge  enough, the  material below t h e  p l a t e  behaves as a compacted 
dense s o i l .  
1-75 
co cu 
I 
h cu 
f 
1-76 
This is a problem of a penetrometer in soils. 
between the parameters such as initial relative density, cohesion, 
angle of internal friction of the soil mass, the length and width 
of the bearing plates; and the rate of plate penetration with respect 
to load, the size and shape of the compacted bulb, the plate penetra- 
tion and applied load at shear failure can only be studied empirically 
by a large experimental program (See Chapter 2). 
The relationships 
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APPENDIX A 
SOLUTION TO A T W O - ~ ~ ~ N S I O N A ~  EL STICITY PROBLEM 
BY COMPLEX VARIABLE METHOD 
The solution of a two-dimensional problem in elasticity involves the 
integration of the differential equations of equilibrium, satisfying both 
the compatibility equations and the boundary conditions (Muskhelisvili, 
1963; Sokolnikoff, 1456; Timoshenko and Goodier, 1951). To solve this 
system of equations more effectively, a function Y(x,y), called the Airy 
stress function,is introduced. In the absence of body forces, the equilibrium 
condition is satisfied when the following assumption is made: 
a 2~ (x ,y) 
2 C T =  Y ax 
a2Y (x,y) ‘t = -  
XY ax ay 
(1-A-1) 
To satisfy the condition of displacement compatibility, a solution must satisfy 
the following equation: 
where 
V 2 ( 0  + CT ) = 0 
X Y  
a2 
ax2 aY 
+ - = Laplacian operator. a2 0 2  = -
(1-A-2) 
To satisfy both the equations of equilibrum and the compatibility condition, 
the Airy stress function must satisfy a biharmonic equation: 
v4 Y(x,y) = v2  ( 0 2  Y(x,y)) = 0 (1-A-3)  
1-82 
The solution of a two-dimensional elasticity problem reduces to finding 
a solution to the biharmonic Equation (1-A-3) which satisfies the given 
boundary condition. The uniqueness of the solution to this boundary-value 
problem is assured (Sokolnikoff, 1956). When the stress function Y(x,y) is 
determined, the stress components at every point in the body are obtained 
from Equations (1-A-1) .  
In the Cartesian coordinates, Y(x,y) includes a combination of 
polynomials of various degrees with suitable coefficients determined by 
the boundary conditions. In polar coordinates, Y(r,0) consists of an 
infinite combination of harmonic functions. The function Y can be more 
conveniently presented in terms of two functions of the complex variable 
z = x + iy as @(z) and X(z) .  
of which the suitable stress function can be formed (Sokolnikoff, 1956; 
Tjmeshenko and Goodier, 1951). 
These two functions are to be found, in terms 
Corresponding displacements are obtained using Hooke's law. The stress- 
strain relationship in plane strain or plane stress condition and the 
biharmonic Equation (1-A-3) lead to the following relations: 
ob + or = 4 Real (1-A-4a) 
oe - 0 + 2i Tre = 2 1 z $'1(z> + xt l (z )  e (1-A-4b) 
r I 2ie 
(1-A-5) 2G(u + iv) = [n@(z) - z @ ( z )  - X'(z) I e-ie 
where 
* E = modulus of elasticity, and v = Poisson's ratio E = 2 ( 1  + v) ' 
u, v = radial and circumferential displacements 
- 
Z = x -  iy, complex conjugate of z 
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3 - 4v for plane strain conditions 
n =  3 - v  for plane strain conditions l + v  
The functions $ ( z )  and X(z) are related to the boundary condition 
of loading by the following relation: 
where 0:, = applied normal and shear 
The functions $ ( z ) ,  X(z), and the boundary 
expressed as series: 
-m 
= a z m 
m=o 
W 
m=0 
The boundary stress condition permits 
$ " ( z >  + x11(z> enie (1-A-6) I 
, 
stresses on the boundary. 
stress quantity (.*,-i T* )are re 
the evaluation of the 
(1-A-7) 
(1-A-8) 
(1-A-9) 
coefficients A ' 5 .  Equations (1-A-6) through (1-A-9) are used t o  evaluate 
a ' s  and bm's which are used to form the harmonic functions $ ( z )  and X(z). 
m 
m 
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APPENDIX B 
SOLUTION TO THE PROBLEM OF A CIRCULAR BOREHOLE IN AN INFINITE 
ELASTIC MEDIUM UNDER LOADING SYMMETRICAL WITH RESPECT TO 
TWO PERPENDICULAR AXES 
Earlier, the method of complex variables in elasticity was presented. 
In engineering, there are many two-dimensional boundary-value problems in 
elasticity that involve circular openings subject to loadings which are 
symmetrical with respect to two perpendicular axes. 
the solution to the biharmonic equation can be found without using the complex 
variable method. 
For these problems, 
The polar coordinate system will be used. 
The biharmonic equation is rewritten as: 
v4y(r,e) = o (1-A-10) 
where V2 is the Laplacian operator: 
a2 + - -  1 a + ---$, 1 a 2  and V4 = V2(V2) 
r ar r2 ae2 
The expressions for the stress components (1-A-1) in polar coordinates 
are rewritten as: 
1 a2y + -  -1 ay (-J t-- 
r2 ae2 r r ar 
(1-A-11) 
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For problems with two perpendicular axes of symmetry, the solutions 
include only terms of even multiples of the angle 8,  The stress function 
Y(r, e)  for a problem with a circular boundary has the term log r/R. The 
stress function Y(r, 8 )  has the following general form (Wianecki, 1968): 
(1-A- 12 ) 
where 
a = a suitable coefficient 
0 
fm(r) = a function of r only 
Applying the biharmonic operator V 4  on Y (r, e) which is defined by the 
Equation (l-A-12), one obtains: 
03 
d2 1 d  1 + - - - - 4m2 )E (r) cos 2me = 0 (1-A-13) v 4 ~ ( r ,  0 )  =I (2r dr r2 m 
lIl-1 
From the Equation (l-A-13), the solution f o r  f (r) is obtained: m 
2m+2 *&' + C rZm + d2mr + b r- 2m fm(r) = a2mr-2m 2m (1-A-14) 
The assumption of "no-stress" at infinity, i.e., zero in situ stress 
field,requires C = d = 0.  The Equation (1-A-12) becomes: 2m 2m 
Y(r, e) = a log :+ 1 (a r -21 + b r-'&) cos 2me ( 1 -A- 15 ) 
0 2m 2m 
m= 1 
The constants ao, azm, and bpm are uniquely determined by the given 
boundary conditions, either as the condition of boundary stresses or as the 
condition of boundary displacements. The stress distribution is obtained by 
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substituting stress function Y(r, 6) given by the Equation (1-A-15) into 
the Equation (1-A-11) (Wianecki, 1968) : 
- 2 m f 2  + (m + 1) (2m - 1) b r-2m)cos 2m0 a (m(2m + 11 aZmr 2m 0 3- ‘r r2 
m= 1 
(1-A-16a) 
a 
r2 
f (m - 1) (2m - 1) b r-2m)cos 2m0 0 -2m-2 ae = - + 2 2  (m(2m + 1) azmr zm 
m= 1 
(1-A-16b) 
-zm }sin 2m0 (1-A-16c) 4- m(2m - 1) bz,r - 2m- 2 T = - 2 2  (m(2m + 1) a2mr r0 
m= i 
The strains are obtained from the stresses, using Hooke’s law: 
E = - + -  u 1 a v  - - 1 - - (Do - VO,) 
0 r r a 0  E 
(1-A-17) 
where 
E E r = radial, circumferential, and shear strains r’ 0’  r0 
u, v = radial and circumferential displacements. 
When the displacements are needed, they can be computed from the Equations 
(1-A-17). 
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Along the boundary, p = - = 1, the stress distribution given by the r 
Equations (1-A-16) is equal to the applied boundary stresses: 
m 
(m(2m + 1) azmR + (m + l)b,mR-2m } cos 2m0 (1-A-18a) -2m-2 * a. 
R2 
= - -  2 
m- 1 
'r 
M 
T* re = - 2 2  (m(2m + 1) azmR + m(2m - 1) bZmR -2m Isin 2m0 (1-A-18b) - zm- 2 
The applied boundary stresses can be expressed as Fourier series: 
m- 1 
where 
( 0 )  COS 2me dB 
-lT 
(1-A-19a) 
(1-A-19b) 
( l - A -  20) 
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Comparing t h e  Equations (1-A-18) t o  t he  Equations (1-A-19) one obtains:  
a = A ~ R ~  
0 
(1-A- 21) 
Adding the  Equations (1-A-16a) and (1-A-16b) a useful r e l a t ionsh ip  is 
derived : 
i= - 5 2(B2, - A2J p2m cos 2m6 (1-A- 2 2 ) 
m- 1 
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APPENDIX C 
THE GENERAL PROBLEM OF UNIDIRECTIONAL BOUNDARY STRESS 
VARYING ACROSS THE WIDTH OF THE BEARING PLATE 
ne 
28 { k- (k  - 1 )  COS -) 
t 
X 
Boundary condition at p = 1 
ne o* = q ( k -  (k - 1) COS -}COS 8 
28 r 
- B S ~ S ~  
T* = q { k -  (k - 1) cos -)sin ne 8 re 26 (1-A- 2 3 )  
1. The Solution 
The problem can be divided into two simpler problems, with the boundary 
stress distribution (-6 < 8 < (3) given by: 
* = kq cos 8 Or 
A 
T* =-kq sin 8 re (1-A- 2 4 )  
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where a*  T *  r’ re = appl ied normal and shear  stresses on t he  boundary. 
IT0 
1: 28 
ne 
a* = - (k+ 1) q COS - COS 0 
B 
T* = (k - 1 )  q COS s in  e r e  (1-A- 25) 
a. Solu t ion  t o  Problem A 
The Fourier  series rep resen ta t ion  of the boundary stresses has t h e  
following c o e f f i c i e n t s :  
- a { s i n  (2m - + s i n  (2m + 1) 
K 2m - 1 2m + 1 
(1-A- 2 6a ) 
(1-A-26b) 
( 1-A- 2 6 ~ )  
- 2kq ( s i n  (2m + 1) B - s i n  (2m - 1) @ 
71 2m + 1 2m - 1 
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Using the  Equations ( 1 4 - 2 1 )  and (1-A-26), w e  obtains:  
R' s i n  fi3 
Tr 
a =  
0 
I s in (2m - 1) B - s i n  (2m + 1) B (2m + 1)' 2m - 1 a =  2m 
(1-A-27) 
The stress d i s t r i b u t i o n  is  obtained by s u b s t i t u t i n g  Equations (1-A-27) 
i n t o  Equations (1-A-16):  
+ A s i n  (2m + 1) B (1-A-28a)  2m + 1 
- JL- sin (2m + 1) B cos 2m0 2m + 1 1 
+ p2 s i n  (2m + 1) s i n  2me 
2m + 1 1 
(1-A-28b) 
(1-A- 2 8~ ) 
R where p = - r '  r ad ius / r ad ia l  d i s tance .  
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b, Solution to Problem B 
Steps similar to those for ProblemA are taken and the results are 
presented without repeating the explanation: 
For 2 - 2 z 0 ,  B 
For 
(k - 1 )  B A * -  
0 7r 
I = -  4(k  - 1 )  q c o s  (2m + 1 )  B A2m 7T 
cos (2m - 1) B 
+ T r  Tr (E + 4m - 2 )  (E - 4m + 2) 
(1-A-29a) 
(1-A- 29b) 
( 1-A- 2 9 ~ )  
(1-A- 2 9d ) 
(1-A-30a) 
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cos (2m + 1) B 
(2 + 4m + 2) (z - 4m - 2) 
R2ml-2 2 (k  - 1) 4 
m(2m + 1) a =  2m 
B B 
- (2m'+ 1) cos (2m - 1) B 
(E + 4m - 2) (3 - 4m + 2) IT IT 
4(k  - 1) q R2m cos (2m - 1) b =  
2m IT IT (2m - 1) @(E + 4m - 2) (5 - 4m + 2) 
( 1-A- 3 0 b ) 
(1-A-30~) 
The stress distribution is given by:* 
03 
p2 cos B 
+ 
P2m ( :(2m + 1) p2 - 2m - 21 = -  B 
IT IT 'rB (E + 4m - 2) (E - 4m + 2) 
cos 2m9 p2 cos (2m + 1) B IT cos (2m - 1) B - (2 + 4m + 2) (- - 4m - 2) B B 
(1-A-31a) 
*For all the expressions in Problem B: 
IT When (-- 4m - 2) = 0, replaces the expression B 
7r When (- - 4m 4- 2) = 0 replaces the expression B 
cos (2m - 1) B B 
7.r IT by 4n. (- + 4m - 2) (B - 4m + 2) B 
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cos 2m8 p2 cos  (2m + 1) B 
(5 + 4m -I- 2) (E - 4m - 2) cos (2m - 1) $ + B B 
( 1-A- 3 l b  ) 
The n e t  stress d i s t r i b u t i o n  is obtained by adding Equations (1-A-28) 
and (1-A-31) : 
( 1-A- 3 2) - ‘1-0 - ‘r8A + ‘r8B 
Along the edge of the  opening, p = 1, t h e  circumferent ia l  stress 
0 is  given by: 6 
Ins ide  t h e  arc AB (along the  loaded a rea ) :  
k s i n  (2m - 1) 13 CT = - { k - (k - 1 )  cos $]q COS 6 + 8 
m= 1 
cos 2me 
- 2(k - 1) cos (2m - 1 ) $  
Tr Tr B(8 + 4m - 2) (E - 4m + 2) (1-A- 33a) 
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long t h e  unloaded areas: 
(1-A-33b) 
Due t o  t h e  presence of t h e  boundary shear stress T* 
c i rcumferent ia l  stress given by Equation (1-A-33a) is not  a p r i n c i p a l  stress 
component; 
along t h e  arc AB, t h e  re  
0 
cTe given by Equation (1-A-33b) is  a p r inc ipa l  stress component. 
The t o t a l  load P exerted by the  bearing p l a t e  aga ins t  t h e  w a l l  of 
t h e  borehole i n  t h e  x-direct ion i s  given by (Figure 1-13b): 
'p = px R cos  0 de 
Rq = MRq I 4,(k - 1 )  T COS B (1-A- 34) 
The c i rcumferent ia l  stress (ae)p=l can be more conveniently expressed i n  
t e r m s  of t he  t o t a l  load P: 
( 1-A- 3 5 ) 
1-96 
where i n  t h e  arc AB ( the  loaded area) : 
k s i n  (2m - 1) B 
KI (k,B,e) = k - (k - 1) COS 2~ ne cos 8 + 
m= 1 
(1-A- 3 6a) 
and outs ide  the  a r c s  AB and A'B '  ( the  unloaded a reas ) :  
(1-A-36b) 
where 
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APPENDIX D 
THE GENERAL PROBLEM OF UNIDIRECTIONAL PRINCIPAL BOUNDARY 
STRESS VARYING ACROSS THE WIDTH OF THE BEARING PLATES 
Boundary Condit ion a t  p = 1 
T = o  
XY 
* = 9 1 k - (k - 1) cos $) (1 + cos 20) 
Or 2 
T* = - “k - (k - 1) COS - s i n  20 
re 2 26 
(1-A- 3 7) 
The So lu t ions  
The problem can  b e  d iv ided  i n t o  four  s impler  problems (C,  D ,  E ,  F ) ,  wi th  
the boundary stress d i s t r i b u t i o n  (-B < 9 < B) given by:‘ 
a* = !9. 
‘re 
r 2  
Problem C 
8 = o  
(1-A-38) 
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* or = 9 cos 20 
Problem D 
Problem E 
T* = sin 20 r0 2 
I lT0 - (k  - l) q cos - cos 20 * ‘r = 2  28 
Problem F 
T6 q cos 2~ sin 26 - (k - ‘re - 2 
(1-A-39) 
(1-A-4 0) 
(1-A-41) 
Solution to Problem C .  
Problem C has been solved by the complex variable method (Van, 1967). 
The stress distribution is given by: 
00 
2lT 
r6 kq T - = 2 0  - p2> p2 sim 2m B sin 2m6 . 
m= 1 
(1-A-42~) 
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Solut ion t o  Problem D, 
A l l  t he  s t e p s  used t o  so lve  Problems A and B are repeated here  without 
repeated explanation:** 
cos 2m B A = -  4 ( k  - 1)  q 
2m IT IT B(F + 4m) (B - 4m) 
= o  2m 
a = -  2 ( k  - 1) Bq R2 
I T 2  
0 
(1-A-43 
B 7r cos 2m B 
13 IT IT by 4n ** When (- - 4m) = 0 ,  rep lace  (E + 4m) (E - 4m) 
7r cos 2(m - 1) B B (- - 4m + 4 )  = 0, r ep lace  B by 4.rr (5 + 4m - 4 )  (i - 4m + 4 )  When IT 
(1-A-44) 
cos 2(m + 1) 13 B 
IT IT by G When (2 - 4m - 4 )  = 0 ,  rep lace  (E + 4m + 4 )  (- - 4m - 4 )  B B 
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The stress d i s t r i b u t i o n  i s  given by: 
x cos 2mB cos 2m0 (1-A-45a) 
m 
x cos 2mP cos 2m0 ( 1-A-45 b ) 
S o l u t i o n  t o  Problem E. 
m 2 2  
s i n  2 ( m  + 1) B + s i n  2(m - 1) B 
m + l  m - 1  
-kq sin 2 ( m  + 1) B s i n  2(m - 1) B 
B -  2m 2~ m + l  m - 1  
(1-A-46a) 
(1-A- 4 6b ) 
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a. = 3 R, s i n  213 
( 1-A- 4 7 a ) 
kq R2(*l) 1) 13 2m + 1 sin 2(m - 
8)  
- 
m - 1  
a = -  
2m 4 m  a (2m + 1) 
( 1-A-4 7 b ) s i n  2 ( m  - 1) 8 
- k q R2m 
b2m - - ZIT (m - 1) (2m - 1) 
The stress d i s t r i b u t i o n  is  given by: 
- 
‘rE - 28 s i n  213 + % [ -188p2 + 48 p2 + $ s i n  48) 
2m 2 
27r [A m + l  s i n  2 ( m  + 1) 13 
x s i n  2 (  m - 1) 8 )  cos 2m0 ( 1-A-4 8b ) 
7-702 
m= 2 
( 1 - A - 4 8 ~  ) 
Solu t ion  t o  P r o b l e m  F. 
- 2 ( k  - 1) Q - * 2m B 
(1-A-4 9 ) 
cos 2 (m - 1) B 
(E + 4m - 4 )  (E - 4m + 4 )  
- 
Tf Tf 
(1-A-50) 
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The stress distribution is given by: 
00 
X 
2 ( k  - 1) qp2 C O S  26 + 2 ( k  - 1) q p 2 m  arF = - 
m= 1 B 
[(2m + 1) p2 - 2m - 2 1 cos 2 (m - 1) B 
(B + 4m - 4 )  (E - 4m + 4 )  7T IT 
+ 
x COS 2m0 (1-A-51a) 
X 
+T 2 ( k  - 1) qp2m 
B L m= 1 
p2 cos 2 (m + 1) B 
(: + 4m + 4 )  (-- - 4m - 4 )  
+ [2m - 2 -(2m -I- 1) p 2  1 cos 2(m - 
IT IT IT (B + 4m - 4 )  (F - 4m + 4 )  B 
xcos  2me (1-A-51b) 
[ ( 2 m  + 1) p2 - 2ml cos 2(m - 1) B 
IT IT + (E+ 4m - 4 )  (E - 4m + 4 )  (1-A-51~) 
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The n e t  stress d i s t r i b u t i o n  i s  obtained by summing t he  r e s u l t s  of 
the  fou r  elemental problems, ( C ,  D, E ,  and F): 
‘r ‘rC + ‘rD + “ r E  + ‘rF 
‘e e ‘BC + ‘BD + “BE + ‘BF 
‘re = ‘roc + ‘r0D + ‘r8E + ‘r8F (1-A-52) 
Along the  edge of t he  borehole, p = 1, in t h e  arc AB (-B < 8 < 6) t h e  
ci rcumferent ia l  stress 0 
the  shear  component 
is  not a p r i n c i p a l  stress, due t o  the  presence of 
Its d i s t r i b u t i o n  i s  given by: 
0 
s i n  2(m - 1) B cos 2m0 2k +f (m - 17 Tr 
m=2 
(1-A-53a) 
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Along the  unloaded areas, 0 i s  the  p r i n c i p a l  stress: 8 
(1-A- 5 3 b ) 
The t o t a l . l o a d  exerted by t h e  bearing p l a t e  aga ins t  t he  wall of t h e  
borehole i s  given by: 
I Rq 4(k  - 1) IT COS B = [ 2k s i n  B - 
= mq 
The c i rcumferent ia l  stress given by Equation (1-A-52) can more 
conveniently be expressed i n  terms of the t o t a l  load P: 
P - 
( 0 d p - 1  - KII ( k ,  B ,  0) E 
(1 -A-54)  
(1-A- 5 5) 
1-1 06 
where : 
In the arc AB (loaded area): 
IT2 KII (k, B ,  0) = 
46 1 (k - 1) re  
2 cos 'zi5 + (?; - 7) k COS 28 - 
co 
2k 
(m '- 1) IT 
(k - 1) IT' cos 26 +I 
m= 2 
+ 2  =Os 2B 
x sin 2 ( m  - 1) B cos 2m0 
In the arcs A'B and AB' (unloaded areas): 
co 
8(k - 1) cos 2 ( m  - 1)B cos 2me 
f 3 ( ~  -+ 4m - 4 )  (j-~ - 4m + 4 )  
- 2k s i n  2(m - 1) 13 cos 2me 
(m - 1) T a IT 
m=2 m= 1 
where 
M =  { 2 k s i n @ -  4(k - 1) IT COS B 
(1-A- 5 6b ) 
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CHAPTER 2 
EXPERIMENTAL WORK FSLATED TO BOFEHOLF: JACK PROBE AND TESTING 
(K. Drozd and R. E,  Goodman) 
I a INTRCIDUCTION 
This r epor t  descr ibes  model s tud ie s  performed f o r  t h e  purpose of 
obtaining an independent, empir ical  determination of t he  load-deformation- 
s t rength  r e l a t ionsh ip  of a jack i n  a borehole. The model s t u d i e s  w e r e  
performed t o  allow appropriate  assumptions t o  be made i n  t h e  mathematical 
so lu t ions  presented i n  Chapter 1 of t h i s  volume. Also, t h e  tests 
c l a r i f i e d  the  a c t u a l  mode of f a i l u r e  of rocks and s o i l s  under p l a t e  
loading i n  a borehole. Three f a i l u r e  modes w e r e  postulated:  (1) cracking 
i n  a tension zone c rea ted  by t h e  jack load, (2)  shearing along a curved 
surface,  and (3 )  indenta t ion  a s  a progressive shearing f a i l u r e  (punching). 
The r e l a t ionsh ip  between observed load-deformation behavior during jack 
loading and bas ic  deformation and f a i l u r e  parameters f o r  s o i l s  and 
rocks was another o b j e c t  of t h e  s tud ies .  F ina l ly ,  w e  hoped through 
the experience of  model t e s t i n g  t o  be i n  a b e t t e r  pos i t ion  t o  select a 
s u i t a b l e  method of  t e s t i n g  f o r  lunar  expoloration and t o  propose a 
t e s t i n g  system. 
This chapter i s  divided i n t o  th ree  sec t ions .  The f i r s t  s ec t ion  
descr ibes  model borehole loading tests and r epor t s  the r e s u l t s .  The 
second sec t ion  descr ibes  model bear ing capac i ty  tests on t h e  s a m e  
mater ia l s  used f o r  t he  borehole loading tests. F ina l ly ,  t he  t h i r d  
sec t ion  compares t h e  borehole jack results w i t h  t h e  known bearing 
capac i t i e s  t o  resolve the  a p p l i c a b i l i t y  of such tes t  methods to bear ing 
capaci ty  design problems. A proposal fo r  a new f i e l d  prototype borehole 
jack is a l s o  given. 
11. MODEL BOREHOLE LOADING TESTS 
A. 
The model s t u d i e s  attempted t o  reproduce the  ac t ion  of  r i g i d  p l a t e s  
Descr ipt ion of T e s t  Apparatus and Methods 
forced aga ins t  oppos i te  w a l l s  of a borehole by p i s tons .  
t o ry  t h e  boreholes w e r e  th ree  inches (7.6 cm) i n  diameter and arranged 
i n  a p l a t e  t o  r ep resen t  a s l i c e  through the  ground, as descr ibed  subse- 
quently.  Figure 2-1 shows t h e  tes t  arrangement d e t a i l s ,  including t h e  
pos i t i on  of the jack-loaded rock p l a t e  on a r i g i d  s teel-base w i t h  a 
t h i c k  s t i f f e n e d  p l ex ig l a s s  s h e e t  above. 
of t h e  set-up. To reduce shear ing stresses on the  plane,  a t h i n  shee t  
of t e f l o n  was introduced between t h e  s t e e l  base and the  model p la te .  
I n  some tests, a frame was circumscribed about t he  model p l a t e  t o  prevent  
prevent  premature t e n s i l e  f a i l u r e .  
w a s  introduced t o  superimpose a uniax ia l  s t r e s s  of up t o  4 kg/cm2 i n  the  
p l a t e  (Figure 2-3). 
I n  t h e  labora- 
Figure 2-2 is a general  view 
A l s o ,  i n  some cases a loading frame 
The model borehole jack is  a c y l i n d r i c a l  hydraul ic  cydinder 5.1 crn 
long and 2.5 cm i n  diameter containing a c i r c u l a r  p i s ton  1.65 cm i n  
diameter.  The maximum p i s ton  s t roke  i s  1 3  mm (0.5 inch) .  The jack 
d e l i v e r s  a load of up t o  570 kg t o  the  bear ing p l a t e s .  
sets of bearing p l a t e s  were used (Figure 2-4). 
curva ture  of 38 mm (1-1/2 inches) t o  f i t  exac t ly  aga ins t  t he  borehole 
w a l l ,  b u t  the p l a t e s  had d i f f e r e n t  angular widths and the re fo re  d i f f e r e n t  
Four d i f f e r e n t  
A l l  had a rad ius  of 
con tac t  areas  as follows: 
Bearing 
P l a t e  No. 
I 
11 
I11 
IV 
Height 
(4 
3.8 
3.8 
3.8 
3.8 
Pro j e cted Width 
(m) 
1.27  
2.54 
5.23 
7.50 
Contact Area 
(em2 1 
4.85 
9.90 
21.70 
41.20 
Projec ted  Contact 
Area (an2) 
4.85 
9.70 
19.90 
28.70 
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FIGURE 2-1 DETAILED DESCRIPTION OF MODEL TEST SET-UP 
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FIGURE 2-2 MODEL TESTS ON A TESTING BENCH 
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FIGURE 2-3 MODEL TEST - UNIAXIAL LOAD 
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FIGURE 2-4 DESCRIPTION OF THE DIFFERENT 
BEARING PLATES USED 
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I t  w a s  necessary t o  develop techniques t o  measure (1) t he  a c t u a l  loads 
developed by the jack,  (2) the  displacements of the bearing plates, and 
( 3 )  t h e  i n t e r n a l  deformations of t h e  model. 
by an i n t e r n a l  f l u i d  pressure which w a s  measured by an accurate  manometer 
(smallest d iv i s ion  50 p s i )  with a t o t a l  capaci ty  of 4000 p s i .  The jack 
w a s  ca l ib ra t ed  t o  relate the i n t e r n a l  jack pressure to the  jack force 
(50 psi  = 5.2 k g f .  However, g r e a t e r  prec is ion  w a s  needed. A s t r a i n  
gauge load c e l l  w a s  i n s t a l l e d  i n  series with the  jack. The load cell  
consis ted of a 2.54 cm diameter steel r ing  with 2 two-legged s t r a i n  
gauge br idge c i r c u i t s  wired on the  ins ide  of i t s  0.3 c m  t h i ck  w a l l s .  
The jack load w a s  developed 
The system yielded a l e a s t  reading of 1 . 2  kg. Figures 2-5a and 2-5b 
show the  jack under c a l i b r a t i o n .  
During the  t e s t i n g  program th ree  methods w e r e  employed t o  measure 
displacements of the  bearing p l a t e s  when forced aga ins t  t h e  borehole 
w a l l s .  F i r s t  a jewelled d i a l  gauge was mounted i n  p a r a l l e l  with the  
jack between the  bear ing p l a t e s .  With t h i s  arrangement t h e  s t i f f n e s s  
of t he  gauge proved t o  be so g r e a t  as t o  i n t e r f e r e  with t h e  model test .  
Second, a micro-caliper w a s  used, bu t  the accuracy w a s  not  acceptable.  
F ina l ly ,  a l i n e a r  va r i ab le  d i f f e r e n t i a l  transformer (LVDT) w a s  i n s t a l l e d  
i n  p a r a l l e l  with t h e  jack. 
b u t  unknown r o t a t i o n s  of t he  support  arms ( N o .  11 on Figure 2-1) 
i n t e r f e r e d  with some of the  measurements as w i l l  be explained later.  
The b e s t  approach f o r  measuring displacements would incorporate  measurements 
on both s ides  of t he  borehole. Unfortunately, t h i s  w a s  not  technica l ly  
In  general  t h i s  proved t o  be s a t i s f a c t o r y ,  
possible .  
In t e rna l  deformations of the  model were measured by a va r i e ty  of 
techniques. Because d i f f e r e n t  mater ia ls  w e r e  s tudied,  no s i n g l e  method 
could be adapted t o  a l l  tests. The Moir6 f r inge  method (Figure 2-61 
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F I G U R E  2-5a C A L I B R A T I O N  T E S T  
F I G U R E  2-5b C A L I B R A T I O N  T E S T  
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FIGURE 2-6 M O I R ~  FRINGE METHOD, MODEL TEST NO.  1 
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w a s  too i n s e n s i t i v e  i n  t h e  only materials f o r  which it is  an appl icable  
method ( b r i t t l e  materials). A g r i d  o f  small d o t s  sprayed on a t h i n  
p l a s t e r  coa t ing  on t h e  sur face  of some materials (Figures 2-7 and 2-8)  
which i n d i c a t e d i n t e r n a l  deformations by the s t r a i n i n g  of t h e  g r i d  l i n e s  
proved t o  be a s e n s i t i v e  ind ica to r  of s t r a in  i n  regions of extension. 
However, this method w a s  unsuccessful i n  regions of compressive s t r a i n  
owing t o  in t e r f e rence  by the  s t i f f  ccpating between the  p l e x i g l a s s  cover 
and model p l a t e .  When the  b r i t t l e  coat ing w a s  omitted,  t h e  g r i d  of do t s  
sprayed d i r e c t l y  on t h e  model p l a t e  sur face  proved a s e n s i t i v e  ind ica to r  
of compressive s t r a i n s  bu t  w a s  n o t  s a t i s f a c t o r y  i n  the  reg ions  of 
extension. When l a r g e  c i r c u l a r  do t s  were used, t h e  s t r a i n  of t h e  ind i -  
v idua l  do t s  themselves increased t h e  s e n s i t i v i t y  of t h i s  method. 
Another method attempted w a s  t o  record  the  displacement vec tors  of 
ind iv idua l  g ra ins  by holding a camera lens  open during deformation 
(Figure 2-9). 
loading r a t e .  Displacement vec to r s  of ind iv idua l  g ra ins  were success- 
This w a s  abandoned as it requi red  an extremely rap id  
f u l l y  recorded by p lac ing  a s o f t  t ransparent  sheet between t h e  sur face  
of t h e  model and t h e  p l ex ig l a s s  cover. During loading by t h e  jack, t h e  
g ra in  movements sc ra tched  the  s h e e t  (Figures 2-10, 2-11, and 2-12) .  
F ina l ly ,  a s t e reoscop ica l  method proved to  f a i t h f u l l y  d e t a i l  t h e  i n t e r n a l  
deformations. I n  t h i s  method t h e  camera posit ion w a s  f i xed  while t he  
model w a s  undergoing deformation, 
s t r a i n  induced parallax so t h a t  t h e r e  w a s  apparent  r e l i e f  when any 
t w o  exposures were viewed s te reoscopica l ly  (Figures  2-13 
(A s t e r e o  viewer should be used t o  observe these  f i g u r e s . )  By con- 
touring the  apparent r e l i e f ,  us ing s t e reo  p l o t t i n g  instruments ,  displace-  
ment contours are obtained. The displacement represents  t h e  component of 
t o t a l  displacement i n  the  d i r e c t i o n  p a r a l l e l  t o  t he  viewer’s eye base. 
Successive exposures contained a 
through 2-16). 
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FIGURE 2-7 GRID METHOD, MODEL TEST NO. 7 
FIGURE 2-8 G R I D  METHOD, MODEL TEST NO. 8 
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F I G U R E  2-9 T E S T  NO. 79 -TIME EXPOSURE 
FIGURE 2-10 SCRATCH1 
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FIGURE 2-1 1 SCRATCHING METHOD 
FIGURE 2-1 2 SCRATCH1 
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FIGURE 2-13 STEROSCOPIC VIEW - MODEL TEST NO. 4 
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T e s t s  were performe incremental loading, The load steps were 
e i t h e r  14.3,  28.6, o r  57-2 kg (conforming t o  even s t eps  of t h e  hydraul ic  
p re s su res ) .  
ceased o r  30 minutes t i m e  elapsed, whichever w a s  sho r t e r .  Three to 
seven photographs w e r e  taken a t  intermediate s tages  of each test .  
Each load increment w a s  maintained u n t i l  deformations 
B. Materials f o r  Model S tudies  
The materials used f o r  t he  model s tud ie s  w e r e  chosen to allow 
a range of behaviors t o  be examined. 
prototype dimensions, thus no scale fac tor  was necessary. The bas ic  
components of t h e  model mater ia l s  w e r e  a s  follows: 
The s t u d i e s  were performed a t  
1. medium sand (PCA " l a p i s  lustre" N o .  20)  
2. f i n e  sand (PCA " l a p i s  l u s t r e "  N o .  00) 
3 .  crushed mica (Van Waters C3000) 
4. Port land cement (PCA type 1) 
5. gypsum p l a s t e r  (U. S. gypsum "red top") 
6. powdered diatomite (Johns Mansville " c e l i t e " )  
7.  p a r a f f i n  (American O i l  Company household wax "parowax'l) 
The grain s i z e  d i s t r i b u t i o n  of t he  f i l l e r  mater ia l s  (1, 2,  and 3) 
are presented i n  Figure 2- 12 
varying formulas as described i n  Table 2-1. A descr ip t ion  of model 
p l a t e  preparat ion is given i n  Appendix A2 .  
two bas ic  mixes were used. The f i r s t  consis ted of medium sand, cement, 
and water. The second consis ted of p l a s t e r ,  c e l i t e ,  and water. I n  
both mixes the  proport ions of t he  mater ia ls  were varied t o  achieve 
s l i g h t l y  d i f f e r e n t  proper t ies .  Cohesionless models (models with low 
cohesion) were obtained by using medium sand alone, o r  dens i f ied  mica. 
P las t ic  material was simulated by mixing sand, mica, and pa ra f f in .  
The materials w e r e  mixed according t o  
To simulate b r i t t l e  mater ia l s ,  
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TABLE 2-1 DESCRIPTION OF MODEL MATERIALS 
Proportions 
Material TYJ?e Components by 
number weight 
--- 
I brittle plaster-celite-water 100:40:160 
I1 brittle sand No. 20-cement-water 100: 5: 5 
I11 plastic sand-parowax 100:4 
IV plastic sand-mica-parowax 100: 2 : 3,5 
V plastic sand-mica-p arowax 100:5:2 
VI cohesionless sand No. 20 - 
VI1 plastic sand No. 20 and sand No. 00- 
mica-parowax (50 + 50):5:3 
VI11 plastic sand No. 20-parowax 100:3 
IX brittle sand No. 20-cement-water 100:20:12 
X brittle sand No. 20-cement-water 100: 10: 6 
XI slightly cohesive mica I 
2-23 
The properties of the mixes were determined in direct shear (Karol 
Warner machine), unconfined compression, and indirect tension. In the 
direct shear tests the shortening of the specimens (6.35 cm in diameter 
and 5.1 cm high) under a constant normal load alone was first measured. 
Then, the shear stress was applied (under the constant normal load) 
yielding the shear strength data presented in Figures 2-18, 2-19, and 2-20. 
Figure 2-18 presents the shear strength of the basic components, while 
Figures 2-19 and 2-20 present the shear strength data for plastic and 
brittle mixturestrespectively. In addition, the tensile strength was 
determined by Brasilian tests on 2.5 inch diameter cylinders. 
From the normal loading of the direct shear specimens, the modulus 
of deformation, M, was determined as the tangent to the deformation 
curves between 4.0 and 8.0 kg/cm2 (Figure 2-21). 
deformation, E, was setermined from unconfined compression tests as 
the initial tangent to the curves. 
The modulus of 
Table 2-2 presents the results from all tests performed. Also 
given are the mixture formulas and physical properties for all materials 
tested. 
C. 
The first model tests were directed toward developing testing 
Description of Tests and Results 
techniques and improving equipment. 
plane strain conditions and, as previously noted, to find suitable 
methods for measuring internal deformations. By the completion of test 
No. 10, only tensile or punching failures had been observed. Of greatest 
concern, however, is the measurement of shear strength parameters of 
soils and rocks with borehole tests. To achieve this end an effort 
was launched to produce materials and conditions yielding bearing capacity 
An effort was made to approach 
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f a i l u r e s ,  Four techniques w e r e  used i n  t h i s  e f f o r t :  (1) a steel frame 
w a s  circumscribed about the model plate to prevent  premature tension 
f a i l u r e  of the  whole p l a t e ,  (2 )  t he  maximum displacement of t he  bearing 
p l a t e s  w a s  doubled by using a r i g i d  base on one s i d e  of t h e  jack. 
displacement was f u r t h e r  increased by introducing washers t o  compensate 
f o r  permanent deformation on cycles  of loading and unloading, (3 )  a 
higher dens i ty  and lower s t r eng th  model material w a s  developed (materials 
V and V I I )  t o  decrease the  l ike l ihood of punching and discourage tension 
cracking, and (4) t h e  narrowest bear ing p l a t e  w a s  used t o  increase  
contac t  pressures .  T e s t s  15 and 20 combine a l l  of these techniques. They 
can be considered t o  have the g r e a t e s t p r o b a b i l i c y  of shear ing f a i l u r e .  
The 
A descr ip t ion  of a l l  tests is  presented i n  Table 2-3 and the  modes of 
failure are presented i n  Figure 2-6 through 2-9, 2-13 through 2-16, and 2-22 
through 2-43. The conclusions from these tes ts  can be summarized b r i e f l y  a s  
fo1lows: 
1. Complete, c l a s s i c a l  shearing f a i l u r e  w a s  not  obtained i n  any 
borehole jack tes t ,  even where in t ense  e f f o r t  w a s  made t o  increase  
shear ing stresses and reduce shear ing s t rength .  
2. Punching w a s  t he  predominant f a i l u r e  mode i n  t h e  p l a s t i c  mater ia l s .  
The displacement vec tors  a r e  r a d i a l  under t h e  center  l i n e  of the  
bear ing p l a t e  and curve away from t h e  rad ius  symmetrically under the  
edges of  t he  bear ing p l a t e  (Figures 2-10, 2-11, and 2-12).  Complete 
recurving of t h e  displacement l i n e s  t o  i n t e r s e c t  e i t h e r  t he  f r e e  wal l s  
of t h e  borehole o r  t h e  half  plane b isec t ing  the  borehole normal t o  t h e  
jack w a s  not observed, even though it is pos tu la ted  by t h e o r e t i c a l  
p l a s t i c i t y  so lu t ions .  I n  f a c t  when a spec ia l  b r i t t l e  sur face  coat ing 
was used, the  zone of punching was seen to  be separated from the  rest 
of t h e  region by a symmetrical system of cracks (Figures 2-27 and 2-43). 
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FIGURE 2-22 MODEL TEST NO. 5 
F I G U R E  2-25 MODEL T E S T  NO.  10 
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F I G U R E  2-24 MODEL TEST NO. 9 
FIGURE 2-27 MODEL TEST NO. 12 
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FIGURE 2-26 MODEL TEST NO. 11 
FIGURE 2-29 MODEL TEST NO. 14 
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FIGURE 2-28 MODEL TEST NO. 13 
2- 36 
FIGURE 2-30 MODEL TEST NO. 15 
FIGURE 2-31 MODEL TEST NO. 16 
FIGURE 2-32 MODEL TEST NO. 17 
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FIGURE 2-33 MODEL TEST NO. 21 
FIGURE 2-34 MODEL TEST NO. 23 
2- 38 
FIGURE 2-36 MODEL TEST NO. 25 
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FIGURE 2-35 MODEL TEST NO. 24 
FIGURE 2 - 3 7  MODEL TEST NO. 26 
FIGURE 2-38 MODEL TEST NO. 2 7  
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2-41 
FIGURE 2-39 MODEL TEST NO. 28 
FIGURE 2-40 MODEL TEST NO. 29 
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FIGURE 2-41 MODEL TEST NO. 30 
FIGURE 2-42 MODEL TEST NO. 31 
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FIGURE 2-43 MODEL TEST NO. 33 
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3 .  Tensi le  cracks i n i t i a t e d  a t  the  edge of the  borehole, In  
b r i t t l e  (and some p l a s t i c  mater ia l s )  cracks usually s t a r t e d  a t  one of 
the edges of the  bear ing p l a t e  (e.g. ,  Figure 2-35). When these  cracks 
propagated outward under increased loading, secondary cracks sometimes 
propagated from the  outs ide  inward. 
t h e  model p l a t e ,  being f i n i t e ,  became eccen t r i ca l ly  loaded a f t e r  i n i t i a l  
cracking (e.g. , Figures 2-36 , 2-37 , and 2-38) . When a un iax ia l  ex te rna l  
load i s  superimposed on the  i n t e r n a l  jack load i n  a d i r e c t i o n  t ransverse  
t o  the  jack ax i s ,  t h e  poin t  of cracking moves t o  the  center  of the  wall  
between the  bear ing p l a t e s  and f a i l u r e  occurs a t  a lower load (Figures 
2-39, 2-40, 2-41 , and 2-42) . 
This r e s u l t e d  from t h e  f a c t  t h a t  
4. Load-deformation curves are presented i n  Figures 2-44 and 2-45, 
the  former f o r  tests without and t h e  l a t t e r  f o r  tests with an ex terna l  
steel  frame. The re la t ionships  a r e  of three types.  I n  b r i t t l e  mater ia l s ,  
the load-deformation curve i s  l i n e a r  ending i n  rupture.  I n  cohesionless 
mater ia l s ,  the  curve a l s o  i s  l i nea r  but was not  terminated i n  the  test 
s e r i e s  as on ly  punching had occurred a t  maximum load. 
mater ia l s  the rate of displacement increases  with load and approaches 
a constant  terminal value. 
I n  p l a s t i c  
D. Discussion of T e s t  R e s u l t s  
I t  is  des i r ab le  t o  measure t w o  p roper t ies  of i n  s i t u  geologic 
mater ia l s  r e l a t i v e  t o  pred ic t ing  t h e i r  performance i n  engineering 
appl ica t ions .  The f i r s t  is t h e  deformabili ty.  This i s  usefu l  fo r  
making sett lement ca lcu la t ions .  The second is  the  shear s t rength .  
This is useful  i n  computing t h e  bearing capac i ty  of the  material. 
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UNIAXIAL DISPLACEMENT, INCHES 
FIGURE 2-45 BOREHOLE JACK TESTS, LOAD-DEFORMATION CURVES 
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The r e s u l t s  of t h i s  program re inforce  t h e  previous conclusion 
(Goodman and Heuzg, 1969) t h a t  i t  is p r a c t i c a l  t o  determine deformabil i ty  
p rope r t i e s  of s o i l s  and rocks with a borehole jack but  demonstrate t h a t  
s t rength  p rope r t i e s  are d i f f i c u l t  to obtain.  Rupture parameters f o r  
design of foundations aga ins t  shear  f a i l u r e  can not  be based, r a t i o n a l l y ,  
on empir ical  r u l e s  der ived from experiments i n  which punching w a s  the  
s o l e  f a i l u r e  mechanism. On the  o the r  hand, it is  reasonable t o  determine 
the s t r eng th  p rope r t i e s  on t h e  b a s i s  of a l i m i t i n g  se t t lement  
(Tchebotarioff,  1953, and Akroyd, 1957). In  t h i s  case design parameters 
can be obtained, i n  p r inc ip l e ,  from the  r e s u l t s  of borehole jack tests. 
I n  each model tes t ,  the  load corresponding to  a c e r t a i n  l imi t ing  
deformation w a s  repor ted  and the  average stress, 0 under t h e  loading 
p l a t e  was ca lcu la ted ,  0 was r e l a t e d  t o  the  shearing c h a r a c t e r i s t i c s  
of t h e  model mater ia l s  as determined by d i r e c t  shear tests. The empir ical  
r e l a t ionsh ip  between (5 and the  shear ing parameters, with much s c a t t e r ,  
is  shown i n  Figure 2-46. The scatter is  due t o  two f ac to r s :  (1) t he  
P' 
P 
P 
l imi ted  number of tests performed t o  determine shear ing r e s i s t ance ,  
and (2) t he  l a rge  number of va r i ab le s  which w e r e  introduced t o  increase  
the  p o s s i b i l i t y  of shearing f a i l u r e ,  A s  given i n  T a b l e  2-4, t h e  
va r i ab le s  of the  model tests are: (1) the dimensions of t he  t e s t e d  
region, (2) the  width of bearing p l a t e s ,  ( 3 )  t he  symmetry of loading, 
(41 t he  boundary condi t ions a f f e c t i n g  the shear stresses on t h e  p l a t e s ,  
(5) bearing p l a t e  f r i c t i o n ,  (6) methods of measuring displacement, and 
(7) t he  smoothness of the  borehole. 
I n  t h i s  experimental program, the  p r i n c i p l e  objec t ive  w a s  t o  def ine  
t h e  behavior p a t t e r n s  of rock and s o i l  i n  borehole loading configurat ions 
so t h a t  an appropriate  f i e l d  prototype can be designed. Enough has 
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been learned t h a t  t h i s  goal  can be considered t o  have been achieved, 
as discussed i n  t he  ne t sec t ion .  When the f i e l d  instrument is b u i l t ,  
a l l  of t he  system va r i ab le s  w i l l  have been def ined and c a l i b r a t i o n  
t e s t s  w i l l  then be performed t o  more c l e a r l y  evaluate  the  funct ion 
r e l a t i n g  t e s t  ma te r i a l  p rope r t i e s .  
111. MODEL BEARING CAPACITY TESTS 
A. 
The bearing capac i ty  model t e s t s  were conducted t o  determine the  
Descr ipt ion of Test  Apparatus and Methods 
f a i l u r e  mode of t h e  model mater ia l s  previously described when t e s t e d  
by a load appl ied perpendicular t o  the  sur face .  The same four  bear ing 
p l a t e s  ( I - I V )  w e r e  pressed aga ins t  t he  upper sur face  of the  model 
p l a t e s ,  constructed as  before. I n  a l l  t e s t s ,  the  p l a t e s  were confined 
by a steel frame t o  prevent f a i l u r e  by tension cracks.  The p l a t e s  were 
40-70 mm th ick ,  which i s  of t h e  same order as t h e  width of t he  widest 
p l a t e .  
deformation r a t e  with a compression t e s t i n g  machine. The load and 
deformation were recorded. 
The t e s t s  were conducted by dr iv ing  t h e  p l a t e s  a t  a cons tan t  
Three types of t e s t s  were run. In Type 1, "un id i r ec t iona l  s inkage,"  
t he  motion of t h e  p l a t e  was constrained t o  be always normal t o  the  
sur face .  This i s  t h e  type of  t e s t  condi t ion of a borehole loading 
device.  The second type of test  had no such c o n s t r a i n t  and is  termed 
" f r e e  displacement." I n  t h i s  type a b a l l  bear ing allowed t h e  bear ing 
p l a t e  t o  r o t a t e  with t h e  deforming foundation. I n  Type 3 t e s t s  f r i c t i o n  
was reduced a t  t h e  base of the  loading p l a t e  by i n s e r t i n g  a t e f l o n  
shee t  between t h e  bear ing p l a t e  base and t h e  su r face  t o  be loaded. 
Again, as i n  Type 1 tests, t h e  motion of t he  p l a t e  w a s  constrained t o  
be alvays normal t o  the  surface.  
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B. Results 
The resu l t s  of t he  model bear ing capaci ty  tests are presented i n  
Tables 2-5, 2-6, and 2-7. Table 2-5 presents  u l t imate  loads and d is -  
placements f o r  a l l  un id i r ec t iona l  sinkage tests. The twenty-four tests 
comprise 6 d i f f e r e n t  materials with four  d i f f e r e n t  bearing plates. 
In  Table 2-6, f o r  f i v e  mater ia l s ,  results are compared f o r  t he  th ree  
tes t  types:  un id i r ec t iona l  displacement, f r e e  displacement, and re- 
duced f r i c t i o n .  A l l  15 tests w e r e  conducted with t h e  same bear ing 
p l a t e  (No. 1 1 9 .  
The resu l t s  presented i n  Table 2-6 show c l e a r l y  the  decrease of 
bear ing capaci ty  when the  method of f r e e  displacement and reduced f r i c t i o n  
is  used. The u l t imate  bearing capaci ty  loads (kg) and t h e  corresponding 
displacement (mm) are compared and the  bearing capaci ty  is expressed 
a s  a percentage of t h e  ul t imate  load i n  unid i rec t iona l  tests. 
I n  Table 2-7, r e s u l t s  of ca lcu la ted  bear ing capaci ty  f o r  p l a t e  
No. I1 are given. The bear ing capaci ty  w a s  ca lcu la ted  from the  w e l l -  
known Meyerhof equation (Meyerhof, 1951) 
where I 
3 
B = t h e  width of the  bearing p l a t e  
y 
= t h e  depth of t h e  foot ing plane below t h e  sur face  
= u n i t  weight of  mater ia l  
Nq' Nyf Nc = Meyerhof c o e f f i c i e n t s  which depend on t h e  angle of 
i n t e r n a l  f r i c t i o n  
c = t he  cohesion of t h e  material 
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In  Equation (2-1) t h e  shape f a c t o r  w a s  not  i n t r  
t h i s  t e r m  is i n s i g n i f i c a n t  (Feda, 1960, 1961). A s  t h e  f i r s t  terms i n  
Equation(2-1)are zero  and the  second terms are very small, t h e  bear ing 
capac i ty  (column 4, Table 2-7) depends mainly on t h e  c o e f f i c i e n t  N 
and t h e  cohesion c .  For ca l cu la t ions ,  the  angle  of  i n t e r n a l  f r i c t i o n  
(column 1) and cohesion c (column 2)  determined from labora tory  shear ing 
t e s t s  are introduced (see Table 2-2). The bear ing  load f o r  t h e  s i z e  
of con tac t  area of  p l a t e  No.  I1 is given i n  column 5. Columns 6 and 7 
give the  bear ing load  and corresponding displacement from t h e  model 
bear ing  tests. I n  column 8 and 9, t he  h ighes t  load and corresponding 
displacement from the  uniax ia l  borehole model tests a r e  given. Column 10 
uced as  it i s  f e l t  t h a t  
C 
r ep resen t s  the  r a t i o  between the  h ighes t  load from uniaxia l  borehole 
model tests (column 8) and the  bear ing load from model un id i r ec t iona l  
t e s t s  (column 6 ) .  
I n  t h e  bear ing capac i ty  tests, the  f a i l u r e s  observed were by 
shear ing.  The load deformation curve displayed a peak with a c l a s s i c a l  
development of shear ing  f a i l u r e  as  t h e  ma te r i a l  below t h e  model p l a t e  
w a s  t h r u s t  out. I n  harder  model mater ia l s  (mixtures N o .  V I 1  and V I I I ) ,  
t h e  shear ing f a i l u r e  w a s  inf luenced by tension cracks spreading from 
t h e  corners  of t h e  bear ing p l a t e .  
Good agreement between t h e  bear ing capac i ty  ca lcu la ted  by Equation(2-1) 
and the  measured bear ing capac i ty  w a s  obtained i n  model ma te r i a l s  
Nos.111, V, V I I I ,  and X I .  
in material NO, V I I ,  t he  measured bearing capac i ty  load w a s  lower 
than the  ca l cu la t ed  one. 
Owing t o  the  development of t e n s i l e  cracks 
There w a s  a l a rge  d i f f e rence  between the 
measured and t h e  ca lcu la ted  c a p a c i t i e s  i n  medium sand (material N o .  V I )  
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which w a s  a t t r i b u t e d  t o  the  presence of a s l i g h t  amount of cohesion 
i n  t he  physical  model t h a t  was not  considered i n  the  ca l cu la t ions .  
According t o  the  r e s u l t s  presented i n  Table 2-6, bearing c a p a c i t i e s  
were observed t o  be 4-26% lower f o r  f r e e  displacement t e s t s  and 5-32% 
lower f o r  reduced f r i c t i o n  t e s t s  than €or un id i r ec t iona l  sinkage t e s t s .  
I V .  INTERPRETATION OF BOREHOLE JACK TESTS 
Model borehole loading t e s t  f a i l u r e s  were charac te r ized  by cracking 
i n  a tens ion  zone c rea ted  by the  jack load o r  by indentat ion a s  a 
progressive shear ing f a i l u r e  (punching). Bearing capaci ty  f a i l u r e  
w i t h  a c l a s s i c a l  t h r u s t  of ma te r i a l  from below the  p l a t e  was not  observed. 
I n  con t r a s t ,  bear ing capaci ty  t e s t s  conducted on model p l a t e s  with 
f l a t  suxfaces displayed c l a s s i c a l  bearing capaci ty  f a i l u r e s .  
these  f a i l u r e s  were accompanied by tension cracks expanding diagonal ly  
from t h e  corners of t he  bear ing p l a t e s  i n  harder  mater ia l .  Bearing 
capac i ty  f a i l u r e s  were always preceded by s i g n i f i c a n t  punching, w i t h  
s inkage of t he  order  o f  6-19 m. 
Occasionally, 
I t  might be pos tu la ted  t h a t  punching is a progressive shear ing 
f a i l u r e  culminating i n  bear ing capaci ty  f a i l u r e  a t  high deformations, 
and t h a t  fo r  one reason o r  another ,  deformations s u f f i c i e n t l y  high 
t o  produce bear ing capaci ty  f a i l u r e  were not  achieved i n  t he  model 
borehole loading tests. 
The r e s u l t s  presented i n  Table 2-7 i n d i c a t e  t h a t  i n  two cases 
(mater ia l  No. V I ,  medium sand, and mater ia l  No. X I ,  dens i f ied  mica) the  
s t roke  of the  model p i s ton  might no t  have been s u f f i c i e n t  t o  completely 
develope a bearing capaci ty  f a i l u r e .  However, other  tests indica ted  
t h a t  even when high displacement of the bear ing  p l a t e s  w a s  achieved, 
no ul t imate  load w a s  reached. This behavior may be a t t r i b u t e d  t o  
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add i t iona l  forces  involved i n  t h e  model borehole loading tests! espec ia l ly  
fo rces  caused by f r i c t i o n  and c o n s t r a i n t  condi t ions,  radsed threshold 
loads and displacements f o r  bear ing capaci ty  f a i l u r e .  
Model bear ing capac i ty  t e s t s  have shown the  inf luence of constrain-  
ing t h e  displacement, and the  inf luence  of f r i c t i o n  on t h e  contac t  area 
between t h e  model p l a t e  and t h e  borehole w a l l .  These f a c t o r s  can 
raise the  measured bear ing capac i ty  by a s  much as 50%. 
I n  b r i t t l e  and some p l a s t i c  mater ia l s ,  another  f a i l u r e  mechanism 
occurs. The u l t imate  load r ap id ly  decreased a f t e r  f u l l  development 
of t e n s i l e  cracks. These cracks propagate outward from t h e  edges of 
the  bear ing  p l a t e s .  
condi t ion.  In  borehole tests under plane s t r e s s  condi t ion,  t he  c rea t ion  
The r a t e  of spreading depends on t h e  c o n s t r a i n t  
of t e n s i l e  cracks and the  spreading was abrupt .  The cracks i n i t i a t e d  
mostly from the  edges of the  bear ing  p l a t e s .  I n  some cases,  e spec ia l ly  
when un iax ia l  ex te rna l  load w a s  appl ied perpendicular ly  t o  the  d i r e c t i o n  
of un iax ia l  load i n  t h e  borehole, t he  poin t  of cracking moved t o  the  
cen te r  of the  w a l l  between bear ing p l a t e s .  The c rea t ion  of t e n s i l e  
cracks confirmed t h e  t h e o r e t i c a l  so lu t ions  presented i n  t he  previous p a r t .  
L e t  us consider  t he  behavior o f  rocks and s o i l s  i n  f i e l d  tests 
when a borehole jack test  is performed on rocks and s o i l s  i n  s i t u .  
A curve r e l a t i n g  load and displacement can be obtained. 
can have a peak load which demonstrates e i t h e r  t e n s i l e  f a i l w e ,  a : 
s t e a d i l y  growing load ind ica t ive  of punching, o r ,  r a r e l y ,  a bearing 
capac i ty  f a i l u r e .  
These curves 
I f  it is assumed t h a t  punching is  usual ly  followed by a bear ing 
capac i ty  f a i l u r e ,  then,  t he  shear ing  c h a r a c t e r i s t i c s  of t h e  t e s t e d  
mater ia l  are involved i n  p l a s t i c  behavior of mater ia l  below the  bear ing 
p l a t e s .  Therefore,  it should be poss ib le  t o  estimate the  shear ing 
r e s i s t a n c e  from t h e  load corresponding t o  a c e r t a i n  deformation. The 
problem of eva lua t ing  s t r eng th  i n  t h e  absence of a peak load occurs 
occas iona l ly  when eva lua t ing  shear  s t rength  from unconfined compression 
tests. I n  those tests where an u l t imate  load i s  not  reached, t h e  load 
a t  20% s t r a i n  i s  used i n  determining the  shear ing r e s i s t a n c e  
(Tchebotar ioff ,  1953, and Akroyd, 1957).  The s a m e  method can be used 
for i n t e r p r e t a t i o n  of borehole jack  tests. 
Even though many f a c t o r s  influenced model borehole j a c k  t es t  
r e su l t s ,  Figure 2-46 SLOWS t h a t  an evaluat ion of shear ing r e s i s t a n c e  
is  poss ib le .  A r e l a t i o n s h i p  e x i s t s  (Figure 2-4633) between t h e  cohesion 
c and average pressure ,  ff f o r  a c e r t a i n  displacement. A l s o ,  a re- 
l a t i o n s h i p  e x i s t s  between t h e  shear  s t r eng th  mobilized a t  a cons tan t  
normal load (5  kg/cm2) with a given displacement ( 2 - 5  mm) 
PI 
(Figure 2-46c). 
The accuracy of a working r e l a t ionsh ip  t h a t  would allow i n t e r -  
p r e t a t i o n  of borehole jack da ta ,  would, of course,  be increased by 
r e s t r i c t i n g  t h e  system va r i ab le s  t o  one set. Therefore, to  r e f i n e  
the r e l a t i o n s h i p  between s t r eng th  and l i m i t i n g  load, it w i l l  be necessary 
to  ca r ry  out  c a l i b r a t i o n  tests i n  d i f f e r e n t  mater ia l s  with t h e  ac tua l  
borehole jack prototype.  
A schematic drawing of a borehole jack f o r  a 3-inch-diameter 
l una r  borehole i s  shown on Figure 2-47. If a 2-inch diameter lunar  
borehole jack i s  se l ec t ed  a l l  dimensions shown on Figure 2-47 
should be decreased proport ionately.  A set of 10  p i s tons  working i n  
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opposi te  d i r e c t i o n s  from a s t a t i o n a r y  c e n t r a l  member is proposed so 
t h a t  a l a rge  s t roke  of 2,O inches can be achieved. The hydraul ic  
f l u i d  below the p i s t o n s  is  introduced by pipes  leading through the  
movable bear ing p l a t e s .  Two p ipes  i n  the  cen te r  core  enable the  p i s tons  
t o  con t r ac t  a f t e r  t h e  test .  On both ends of t h e  borehole equipment, 
t he re  a r e  four l i n e a r  va r i ab le  d i f f e r e n t i a l  t ransducers  (LVDT). The 
LVDT's are held by the  center  member, while the  LVDT cores move w i t h  
the  bear ing p l a t e s .  A two inch width of bear ing p l a t e s  corresponding 
to  mode1 bearing p l a t e  N o .  I11 w a s  found t o  be m o s t  s a t i s f a c t o r y .  
The equipment is t o  be pro tec ted  by two te lescoping s i d e  p l a t e s .  
The t o t a l  load c rea ted  by 10 jacks was ca lcu la ted  t o  be 81,000 kg. 
This implies a maximum contac t  pressure  of 260 kg/cm2 on the  bearing 
p l a t e .  This pressure  i s  about 3-5 times higher  than the  h ighes t  
p ressure  of model borehole jack. 
The model borehole jack tests have shown t h e  importance of the 
s t r e s s  ac t ing  p a r a l l e l  t o  the  borehole ax is .  Therefore, when ca l ib ra -  
t i o n  t e s t s  a r e  made with a borehole jack prototype,  they should be 
c a r r i e d  ou t  under s t r e s s  condi t ions varying i n  a d i r e c t i o n  p a r a l l e l  
t o  the  borehole. These c a l i b r a t i o n  t e s t s  s imulat ing the  d i f f e r e n t  
depth of t e s t i n g  i n  a borehole below the su r face  should be performed 
i n  the  same way as the  cone penetrometer c a l i b r a t i o n s  t h a t  under l ie  
t h a t  method. 
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APPENDIX A 
DESCRIPTION OF MODEL PLATE PREPARATION 
A-1. BRITTLE MATERIALS 
A. Sand-Cement-Water Mixtures 
The proper po r t ions  of t h e  b a s i c  components were weighed and put  
i n t o  a baker ' s  mixer f o r  s eve ra l  minutes. 
a wooden frame 24 X 22.5 inches ly ing  i n  a hor izonta l  pos i t i on .  To 
prevent  s t i ck ing  to the  aluminum shee t  e i t h e r  Krylon's S i l i con  Sptay 
N o .  1325 o r  a p l a s t i c  shee t  w a s  used. The plates were water-cured 
a week and used i n  tests a f t e r  1-2 months a i r -dry  curing. 
The mixture w a s  poured i n t o  
B. Plaster-Celite-Water Mixtures 
The proper por t ions  of t he  b a s i c  components were determined before  
mixing i n  the  bake r ' s  mixer. 
from hardening too  f a s t .  The mixture w a s  poured i n t o  a steel frame 
i n  a v e r t i c a l  pos i t i on .  
mixture from s t i c k i n g  t o  the  cas t ing  p l a t e s .  The mixture was cured 
i n  the  laboratory with an electric heater  before  t e s t ing .  
A re ta rder  w a s  used t o  prevent the  mixture 
Krylon's S i l icon  Spray w a s  used t o  prevent t h e  
A-11. COHESIONZESS PLATES -MONTEREY SAND NO. 20 
The tes t  p l a t e  w a s  separated from the environment by a steel frame 
and by a rubber s leeve  in se r t ed  i n t o  the cen te r  hole. Scotch f i lament  
tape w a s  used t o  s e a l  the frame to the p l ex ig l a s s  shee t  and t o  the  
t e f l o n  base. The same tape w a s  used t o  seal t h e  rubber s leeve  t o  the  
wa l l s  of the  center  hole i n  t h e  p lex ig lass  shee t  and the  shee t  p l a t e  
beneath the t e f lon .  
assure  the  c y l i n d r i c a l  shape of  the  rubber shee t .  
t h i s  manner a vacuum was appl ied t o  the sand t o  produce a s l i g h t  con- 
finement and thereby maintain t h e  borehole wal ls .  
Special  bracing r ings  of t h i n  steel w e r e  used t o  
After s ea l ing  i n  
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A-111. PLASTIC PLATES 
P l a s t i c  p l a t e s  cons i s t ing  of mixtures of sand, micatand parawax 
The ob jec t ives  were used i n  an at tempt  t o  produce shear ing f a i l u r e .  
were: (1) t o  make p l a t e s  a s  weak as poss ib l e  ( t o  decrease the  angle of 
i n t e r n a l  f r i c t i o n  and cohesion) ,  and (2 )  t o  prepare p l a t e s  with such 
a high dens i ty  t h a t  punching f a i l u r e s  would be avoided. 
ob jec t ive  was achieved by increas ing  the  propor t ion  of mica and decreasing 
the  p a r a f f i n .  
of f i n e  sand. 
The f i r s t  
The second ob jec t ive  w a s  met by increas ing  the  proport ion 
A l l  weak p l a t e s  were prepared d i r e c t l y  on the  t e s t i n g  bench. 
The corresponding weights of sand, mica,and p a r a f f i n  were heated up t o  
approximately 80-90°C. A l l  components i n  t h e  heated s t a t e ,  w e r e  mixed 
i n  baker ' s  mixer f o r  severa l  minutes. 
s h e l l  frame 19 X 19 inches o r  a wooden frame 24 X 22.5 inches.  After  
cooling!, t h e  c a s t  p l a t e  was prepared fo r  t e s t s .  Most tests w e r e  
The ho t  mix was poured i n  a 
performed i n  a s t e e l  o r  wooden frame i n  order  t o  avoid a premature 
t e n s i l e  f a i l u r e  before  punching f a i l u r e  o r  poss ib l e  shear ing f a i l u r e .  
A-IV. MICA P'LATE 
The t e s t  p l a t e  w a s  separated from the  environment by a steel frame. 
Crushed mica powder was confined i n  the  steel frame and subjected t o  
a uniform load up t o  40,000 l b s .  I n  order t o  increase  t h e  consol ida t ing  
process ( t o  p re s s  t he  a i r  ou t  of t h e  powder), a shee t  of  s o f t  foam 
p l a s t i c  was pu t  on t h e  top of t h e  powder below t h e  loading p l a t e .  New 
powder w a s  added so t h a t  the  t o t a l  thickness  of the  dens i f i ed  mica w a s  
1.5 i n .  The c e n t r a l  ho le  s imulat ing the  s e c t i o n  of a borehole was 
c a r e f u l l y  c u t  ou t .  
condi t ions  without any p ro tec t ion  of the  w a l l s  i n  the borehole sec t ion .  
The model borehole t e s t  w a s  carried o u t  i n  plane s t r a i n  
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APPENDIX B 
DESCRIPTION OF PROPOSED LUNAR BOWHOLE JACK 
The new proposed equipment f o r  un iax ia l  borehole tests c o n s i s t s  
of three parts. The cen te r  member  (1)* is  motionless and conta ins  ten 
c y l i n d r i c a l  housings f o r  movable p i s tons  (2). 
Five p i s tons  connected to  the movable bear ing p l a t e  ( 3 )  move i n  
one d i r e c t i o n  and f i v e  move i n  t h e  opposi te  d i r e c t i o n  ( 4 ) .  Each piston 
has  a t o t a l  s t roke  of one inch. This arrangement enables t h e  total  
expansion of t he  borehole from 3.0 inches t o  5.0 inches.  
Hydraulic f l u i d  i s  brought below the p i s t o n s  by ho le s  (5) going 
through the  cen te r  cf each p i s ton ,  while t h e  main supply i s  brought 
through t h e  holes  (6) i n  the  movable bearing plates. 
The center  member has add i t iona l  holes (7 )  f o r  t he  hydraul ic  f l u i d  
used i n  r e tu rn ing  t h e  p i s tons  t o  t h e i r  o r i g i n a l  pos i t ion .  This arrange- 
ment needs dobble s e a l i n g  r i n g s  f o r  each p is ton .  One s e a l i n g  r i n g  (8) 
is connected nea r  t he  base of the p i s ton  and moves with t h e  p is ton .  
The o the r  one (9) i s  f ixed  to t h e  center  member and s e a l s  on t h e  r e t u r n  
s t roke .  
The displacement of  the  bear ing p l a t e s  is measured on both ends 
of the  c y l i n d r i c a l  equipment by l i n e a r  va r i ab le  d i f f e r e n t i a l  t ransducers  (10) .  
On each end, t w o  t ransducers  are i n s t a l l e d .  The housings f o r  t h e  
t ransducers  are f ixed  t o  the  cen te r  member. The c o i l  cores (11) are 
f i x e d  t o  the  movable bear ing plates (3 )  and ( 4 ) .  
*Numbers r e f e r  t o  po in t s  on Figure 2-47. 
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The bear ing p l a t e s  a r e  two inches wide (pro jec ted  normal t o  the  
p i s t o n  a x i s ) ,  which corresponds t o  t h e  size of model bear ing p l a t e s  
N o .  111. The cen te r  member is  pro tec ted  on t h e  s i d e s  by two te lescoping 
shee t s  (12)  f ixed  t o  t h e  bear ing p l a t e s .  
General t echn ica l  da ta  r e l a t i n g  t o  the  proposed jack is as follows: 
Tota l  a rea  of 10 p i s ton  bases  = 113 cm2 
Tota l  contact  area of bear ing p l a t e s  = 310 cm2 
Maximum pressure  i n  p i s tons  (10,000 p s i )  = 710 kg/cm2 
Maximum load = 81,000 kg 
Maximum pressure  i n  contac t  a r e a  of bear ing p l a t e s  = 260 kg/cm2. 
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CHAPTER 3 
BOREHOLE JACK TESTS I N  JOINTED ROCK - 
J O I N T  PERTURBATION AND NO TENSION FINITE ELEMENT SOLUTIONS 
(Francoise E. Heuz;, Richard E. Goodmaqand Ann Bornstein) 
I. INTRODUCTION 
Sound design of s t r u c t u r e s  i n  o r  upon rock r equ i r e s  a thorough knowledge 
of t h e  rock mass deformabili ty.  Instruments have been designed t o  o b t a i n  
t h i s  information from tests i n  d r i l l  holes. The advantages of borehole  tests 
are w e l l  e s t ab l i shed  when compared t o  more cumbersome experiments ( p l a t e  
bearing, pressure chamber) and t h e i r  easy r e p e t i t i o n  enables a thorough cover- 
age of a given engineering s i te  (Van 1967, Heuz6 1967). 
Of a l l  devices -penetrometers,  di la tometers ,  p l a t e  j acks  - t h e  borehole 
j a c k s  have been determined t o  be bes t  su i t ed  t o  f i e l d  condi t ions and d a t a  
ana lys i s ,  owing t o  t h e  high pressure they can apply and t h e  r i g i d  loading 
boundary conditions they insure.  
A closed form, a n a l y t i c a l  so lu t ion ,  w a s  f i r s t  obtained by Van (1967) 
f o r  t he  problem of un iax ia l  j a c k  loading of a. borehole w a l l .  
assumed t o  be i s o t r o p i c  and elastic.  
crack formation on da ta  reduction w a s  a l s o  included i n  t h e  i n i t i a l  s tudy of 
t h e  borehole  j a c k  problem and review of instruments (Goodman, Van,and Heuze 
1968). This l a s t  approach d i d  not  modify the  medium's p rope r t i e s  bu t  r a t h e r  
changed some of i t s  displacement boundary conditions.  
t o  he re  as " j o i n t  simulation" technique). 
value of t he  modulus of deformation (half a borehole i n  a semi- inf ini te  
medium). 
The medium w a s  
The inf luence of a poss ib l e  t e n s i l e  
. 
( I t  w i l l  be  r e f e r r e d  
It provided a lower bound on t h e  
An upper bound i s  indeed provided by the  e l a s t i c  so lu t ion .  
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The t r u e  response t o  jack  loading of a jo in t ed  rock mass o r  of a 
medium unable t o  resist t e n s i l e  fo rces  w a s  no t  y e t  s a t i s f a c t o r i l y  modeled. 
The need w a s  thus underscored f o r  a narrowing of t he  upper bound-lower 
bound bracket  using improved techniques.  
re f ined  " j o i n t  per t rubat ion" a n a l y s i s  and a "no tension" ana lys i s .  
i d e a l i z a t i o n  of t h e  problem is given on Figure 3-1 f o r  a s i n g l e  r a d i a l  j o i n t .  
They are proposed here  as a 
An 
11. "JOINT PERTURBATION" ANALYSIS 
A. J o i n t  Per turba t ion  Program 
A j o i n t  element w a s  developed by Goodman, Taylor,and Brekke 
(1968) and appl ied t o  seve ra l  rock mechanics problems: s l i d i n g  
of j o i n t  wvith a tooth,  behavior of j o i n t  i n t e r sec t ions ,  tunnel  
i n  a system of staggered rocks. Heuz; and Goodman (1967) a l s o  
used i t  t o  s imulate  the  behavior of mine roofs .  
The o r i g i n a l  vers ion  defined normal and shear s t i f f n e s s e s ,  
% and KS, f o r  j o i n t s  and assembled t h e  l inkage element i n t o  
the  o v e r a l l  s t ruc tu re .  
place a t  t h e  l e v e l  of the  j o i n t s  and t h e i r  p rope r t i e s  might then 
change, t he  procedure has  t o  be an i t e r a t i v e  one. Two major 
refinements were introduced i n  the  o r i g i n a l  program. 
Since appreciahle  movement can take 
(1) I n i t i a l  stress f i e l d  
An i n i t i a l  stress f i e l d  can now be input  (always compres- 
sive) i n  a s t r u c t u r e  with j o i n t s .  
JTSTR). 
i l l u s t r a t e d  i n  Figure 3-2. 
compatibi l i ty  of the j o i n t  elements and s o l i d  elements, and 
j o i n t  stresses are computed f o r  each j o i n t  from i ts  nodal 
po in t s  displacement. 
(See Appendix A - Subroutine 
The stress and displacement s ign  convention is  
This model s a t i s f i e s  displacement 
3-3 
n z 
Q 
z 
I- < 
N 
-1 
z 
U 
;5 
a 
n 
I- z w 
51 
w 
-1 
W 
w 
z 
L 
!=I 
H 
n 
w 
v, 
=3 
W 
p: w 
ZZ 
v) 
W 
I " 
W 
E 
LL 
0 
v) 
w 
P > 
I- 
W 
W e 
I 
I- 
(v 
I 
M 
U 
L L  
3-4 
With the initial stress feature one can truly model 
excavating in a jointed medium where the discontinuities 
can all be recognized and mapped. 
(2) Shear and normal joint stiffness modifications 
A s  displacements take place at the joints, normal and 
tangential properties must be modified. 
Shear Stiffness: Originally KS would be set equal to zero if 
tension developed across the joint and set to a residual pre- 
determined value if the shear stress in the joint exceeded 
the joint strength. The new approach, as illustrated in 
Figure 3 - 3 $ i s  more flexible; joint strength depends upon the 
joint properties and the normal stress acting at any time 
across it-any change in shear stiffness will be progressive 
so that the joint will always tend to stay at its peak strength 
for a given state of the structure. 
of its properties is imposed. 
No arbitrary modification 
Normal Stiffness: Previous versions would set the normal 
stiffness to zero upon joint opening and set it to an arbitary 
high value upon closure. New stiffness modifications as shown 
on Figure 3-4 are designed to adapt progressively to tendencies 
of the joint either to open or to undergo excessive closure 
(this simulates for  example the presence of a soft filling 
material which can be extruded). 
Owing to the more flexible response of the modified joint 
element, convergence is insured in a smooth manner, provided 
the structure does not fail, and a low number of iterations 
(typically 4 )  leads to a stable and realistic solution. 
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Be Application t o  Jacking Tests 
Many types of j o i n t s ,  i n  var ious d i r ec t ions ,  can i n t e r s e c t  a 
borehole  where a deformabil i ty  test i s  being conducted. Some of 
them w i l l  c r i t i c a l l y  a f f e c t  the  r e s u l t s  of t he  tests by allowing 
more p l a t e  displacement f o r  a given hydraul ic  pressure  than would 
be expected i n  an unfractured medium. Since modeling a l l  poss ib l e  
j o i n t s  i s  being p r a c t i c a l ,  t h e  approach adopted was  t o  confine oneself  
t o  a g e t  of r a d i a l  f r a c t u r e s  of v a r i a b l e  inc l ina t ions .  They represent  
a means of descr ibing the  f u l l  change of proper t ies  of t he  medium 
from semi- inf in i te  (lower bound) t o  i n f i n i t e  e l a s t i c  (upper bound). 
A s  shown on Figure 3-5 one notes  t h a t  these j o i n t s  f a l l  i n  
e i t h e r  of two categories- intersect ing the  bearing p l a t e  o r  not .  
Within each category, r e s u l t s  expressed i n  terms of t he  average 
pressure obtained under t h e  jack  p l a t e  f o r  a given displacement 
are from f a i r l y  uniform ( j o i n t s  not  i n t e r sec t ing )  t o  s l i g h t l y  
va r i ab le  (apparent hardening a t  t h e  medium as the  t e n s i l e  component 
of jacking across  the  j o i n t  decreases-see Figure 3-8).  
Even i n  a moderately f rac tured  rock which could be considered 
g loba l ly  competent, l o c a l  d i scon t inu i t i e s  w i l l  very probably be 
found i n  such a pos i t i on  t h a t  they w i l l  inf luence t h e  test r e s u l t s  
t o ,  o r  c l o s e  t o ,  t he  maximum poss ib le  extent .  Their inf luence i s  
t o  reduce d r a s t i c a l l y  the a b i l i t y  of the  medium t o  sus t a in  tension,  
thus apparent ly  reducing the  s t i f f n e s s  of t h a t  rock volume involved 
i n  the  test. 
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If a formula of the type 
A 
E = K ( v 9 6 )  AUd/: 
E = modulus of deformation 
AQ = increase in jack pressure 
Aud = increase in diametral bore 
hole deformation 
d = borehole 
v = Poisson's ratio 
B = bearing plate half-angle 
is used (Goodman, Van, and Heu& 1968), an increase of K (v,B) from 
its elastic solution value will be required so that the actual 
modulus of deformation in compression of the rock will be obtained. 
From what preceedes this increase can so far be set at 25 to 30%, 
but further refinement is possible as discussed. 
111. "NO TENSION" ANALYSIS 
A .  Rock as a "NO Tension Material" 
Knowing that jointed rock masses respond differently to com- 
pressive and tensile forces, finite element model+ng has taken 
different forms, each of them subject to shortcomings. Multilinear 
analysis using incremental loading is very time consuming and 
joint perturbation techniques are fully satisfactory only if a 
reasonably thorough mapping of discontinuties is feasible at a 
given site. Thus a global approach not requiring point-to- 
point mapping of the medium, but involving reasonable computing 
time, would be most useful. 
by Zienkiewicz et al. (1968, 1969) under the name of ''no tension'' 
Such a procedure has been presented 
analysis or "stress transfer" technique a 
3-10 
The procedure is as follows: 
(1) Obtain an elastic so lu t ion  t o  t h e  problem a t  hand, giving 
compressive and t e n s i l e  s t r e s s e s , i f  any,in the  s t ruc tu re .  
(2)  Re-analyze the s t r u c t u r e  under only those t e n s i l e  stresses 
previously developed. Add the  new compressive stresses t o  
the  previous one and s t o r e  them, and again analyze the  
s t r u c t u r e  with the  latest t e n s i l e  stresses as input .  
(3) Repeat s t e p  2 ,  u n t i l  no appreciable  d i f f e rence  i n  magnitude 
and d i s t r i b u t i o n  of stresses i s  obtained upon i t e r a t i n g .  
One can then consider  the  region of i r r educ ib l e  t e n s i l e  
stresses as a cracked por t ion  of t he  medium, thus giving a 
q u a l i t a t i v e  evaluat ion of f r a c t u r e  i n i t i a t i o n  and propagation 
problems. 
B.. Application t o  Jacking Tests 
A computer program* (See Appendix B3) w a s  thus developed f o r  
no tens ion  ana lys i s  from the  two-dimensional F i n i t e  Element for-  
mulation due t o  Wilson (1963, 1965). Since the  g loba l  s t i f f n e s s  
of t h e  s t r u c t u r e  is  not  modified upon i t e r a t i n g ,  considerable  
saving of computing t i m e  i s  accomplished (each i t e r a t i o n  a f t e r  
t he  f i r s t  one r equ i r e s  only 15% of t h e  e l a s t i c  so lu t ion  t ime) .  
However,in order  t o  ge t  quan t i t a t ive  r e s u l t s  f o r  the  borehole  
jack  problem,a last  s t e p  w a s  added t o  the procedure: t he  cracked 
zone w a s  given modified proper t ies  (grea t ly  reduced s t i f f n e s s )  and 
t h e  problem was analyzed e l a s t i c a l l y  once more with the  o r i g i n a l  
boundary condi t ions.  
*A use r ' s  manual f o r  both "Joint Per turbat ion" and "NO Tension" computer 
programs is  included a s  Appendix C3. 
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The e f f i c i ency  of t he  technique i n  reducing t ens i l e  stresses 
and de l inea t ing  a cracked region is apparent i n  Figure 3-6. 
Generally 7 t o  8 i t e r a t i o n s  are s u f f i c i e n t  t o  give a s a t i s f a c t o r y  
answer, A t  convergence, a f i n i t e ,  low percentage of t he  o r i g i n a l  
h ighes t  value of tension is  used t o  determine the  a c t u a l  boundary 
of t h a t  region (5% here) before  t h e  last  run. Thus complete 
so lu t ion  involves about 3 times the computing required f o r  an 
e l a s t i c  so lu t ion ,  as opposed t o  about 4 times f o r  j o i n t  so lu t ions  
and more f o r  mul t i l i nea r  ana lys i s .  Figure 3-7 shows t h e  need f o r  
de l inea t ing  the  cracked reg ion  qu i t e  p rec i se ly  by previous runs 
r a t h e r  than a r b i t r a r i l y  t ry ing  t o  model i t .  
IV. SUMMARY , CONCLUSIONS 
The r e s u l t s  of a l l  s t u d i e s  are presented i n  Table 3-1 and can be 
regrouped as follows: 
(1) Elastic so lu t ions .  Two d i f f e r e n t  f i n i t e  elements were used; 
t he  original-4-nodal po in t  q u a d r i l a t e r a l  element (Program 1, 
Wilson 1963, 1965) and a ref ined 5 nodal po in t  element (Program 
2 ,  Doherty, Wilson & Taylor 1969). 
were a l s o  used (775, 380,and 1 2 1  nodal po in ts )  requi r ing ,  
Three d i f f e r e n t  mesh s i z e s  
respect ively,220,  80,and 20 seconds of CDC 6400 f o r  an elastic 
so lu t ion .  Average p l a t e  pressure obtained with the  coa r ses t  
mesh w e r e  only 3% off  from those obtained with t h e  f i n e s t  when 
a proper concentrat ion of elements w a s  insured i n  the  region 
of h ighes t  stress gradien ts .  The 1 2 1  N.P. mesh w a s  thus con- 
s i s t e n t l y  used t h e r e a f t e r  a t  a considerable saving of computer 
t i m e .  
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~~ 
FINAL RUN: OPTION I FINAL RUN OPTION a 
CRACI<Eo ZON   
FINAL RUN: OPTION 3 
(OPTIMUM -BASE0 ON 5% CONTOUR, RUN 12) 
FIGURE 3-7 CHOICE OF MODIFICATIONS FOR FINAL RUN 
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7 3-1 
ALYSIS OF THE 
BOREHOLE JACK PROBLE 
-2 a = i i n  Ux = 10 in 6 E = 2.5 x 10 psi 
SOLUTION K (v,B) 
MESH AVERAGE PLATE 
S I Z E  PRESSURE (ps i )  
E L A S T I C  PROGRAM 1 775 N.P.  
380 N.P.  E Z A S T I C  
E L A S T I C  11 121 N . P .  
E L A S T I C  PROGRAM 2 775 N.P.  
380 N . P .  E L A S T I C  
121 N.P.  E L A S T I C  
11 
11 
11 
209 20 
20896 
20190 
209 25 
20913 
20025 
1.250 
1.254 
1.292 
1.250 
1.250 
1.309 
0" J O I N T  SIMUL. PROGRAM 1 121 N.P.  
0" J O I N T  SIMUL. PROGRAM 2 121. N.P. 
0" J O I N T  HARD 
9" J O I N T  SOFT 
9" J O I N T  HARD 
18" J O I N T  HARD 
27" J O I N T  BARD 
36" J O I N T  HARD 
45" J O I N T  HARD 
45" J O I N T  HARD 
45" J O I N T  SOFT 
54" J O I N T  HARD 
63" J O I N T  HARD 
72" J O I N T  HARD 
81" J O I N T  SOFT 
81" J O I N T  HARD 
90" J O I N T  HARD 
J O I N T  PERTURBATION 121 N.P.  
I t  11 121 N.P.  
11 11 121 N.P.  
121 N.P.  
f I  I1 121 N.P.  
I1 I t  121 N.P. 
380 N.P. 
I 1  I 1  121 N . P .  
121 N.P.  
121 N . P .  
121 N.P.  
121 N.P. 
121 N.P. 
121 N.P.  
11 I t  121 N.P. 
I t  11 
1t 11 
11 11 
I 1  11 
11 11 
I 1  f l  
I t  11 
11 $ 1  
NO TENSION OPTION 3 121 N.P.  
NO TENSION .OPTION 2 121 N.P. 
NO TENSION OPTION 1 121 N . P .  
15 715 
15625 -_  
16260 
15905 
15905 
15725 
15810 
16085 
16609 
160 15 
16015 
20 355 
20465 
20 730 
21000 
20745 
21100 
16100 
17000 
18300 
1.664 
1.672 
1.607 
1.640 
1.640 
1.660 
1.651 
1.625 
1.572 
1.631 
1.631 
1.288 
1.276 
1.261 
1.244 
1.260 
1.240 
1.622 
1.538 
1.428 
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(2) J o i n t  pe r tu rba t ion  so lu t ions .  Included w e r e  r a d i a l  j o i n t s  
of d i f f e r e n t  i n c l i n a t i o n s  and sur face  proper t ies .  A s  expected, 
Figure 3-8 shows t h a t  t h e  proper t ies  of j o i n t s  have l i t t l e  e f f e c t  
on t h e  r e s u l t s  as long as these are subjected t o  predominant 
tension.  
medium seems t o  harden. 
A s  t he  shear component increases  along t h e  jo in t ,  t he  
(3)  N o  tension so lu t ion .  A s  shown i n  Figure 3-8 and i n  Table 3-1, 
r e s u l t s  of no tension ana lys i s  using the  bes t  f i n a l  option agree 
remarkably w e l l  wi th  those of j o i n t  problem where tens ion  is  al- 
most completely el iminated by the  presence of a c r i t i c a l  dis-  
cont inui ty .  
Thus refinements have been made t o  ex i s t ing  F i n i t e  Element 
programs and new opt ions have been developed. 
i nd ica t ing  
t e n s l l e  cracks are l i k e l y  t o  develop upon app l i ca t ion  of high 
loads,  r e s u l t s  of e l a s t i c  so lu t ions  have t o  be appreciably 
revised.  In  the case of borehole jack  tests, the  a c t u a l  modulus 
of deformation of t he  rock i n  compression s h a l l  be taken as 29 t o  
30% higher  than the  elastic so lu t ion  value.  
Their r e s u l t s  agree,  
tha t ,g iven  a jo in ted  medium o r  any rock mass where 
J o i n t  per turba t ion  and no tension programs as presented 
here  remain complementary t o  each o ther  i n  most rock mechanics 
f i e l d  problems, as t h e  p o s s i b i l i t y  of mapping s i g n i f i c a n t  discon- 
t i n u i t i e s  of a rock mass and determining t h e i r  i n  s i t u  su r face  
p rope r t i e s  may or  may not  ex i s t .  A realistic lower bound s o l u t i o n  
is thus permanently ava i lab le ,  t o  i n su re  meaningful app l i ca t ion  of 
rock engineering t o o l s  t o  ac tua l  designs.  
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